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Abstract 
The rise of environmental awareness as well as the unstable global fossil fuel market has 
brought about government initiatives to increase electricity generation from renewable 
energy sources. These resources tend to be geographically and electrically remote from 
load centres. Consequently many Distributed Generators (DGs) are expected to be 
connected to the existing Distribution Networks (DNs), which have high impedance 
and low X/R ratios. 
Intermittence and unpredictability of the various types of renewable energy sources 
can be of time scales of days (hydro) down to seconds (wind, wave). As the time 
scale becomes smaller, the output of the DG becomes more difficult to accommodate in 
the DN. With the DGs operating in constant power factor mode, intermittence of the 
output of the generator combined with the high impedance and low X/R ratios of the 
DN will cause voltage variations above the statutory limits for quality of supply. This is 
traditionally mitigated by accepting increased operation of automated network control 
or network reinforcement. However, due to the distributed nature of RES, automating 
or reinforcing the DN can be expensive and difficult solutions to implement. The Thesis 
proposed was that new methods of controlling DG voltage could enable the connection of 
increased capacities of plant to existing DNs without the need for network management 
or reinforcement. 
The work reported here discusses the implications of the increasing capacity of DG in 
rural distribution networks on steady-state voltage profiles. Two methods of voltage 
compensation are proposed. The first is a deterministic system that uses a set of 
rules to intelligently switch between voltage and power factor control modes. This new 
control algorithm is shown to be able to respond well to slow voltage variations due 
to load or generation changes. The second method is a fuzzy inference system that 
adjusts the setpoint of the power factor controller in response to the local voltage. 
This system can be set to respond to any steady-state voltage variations that will be 
experienced. Further, control of real power is developed as a supplementary means for 
voltage regulation in weak rural networks. The algorithms developed in the study are 
shown to operate with any synchronous or asynchronous generation wherein real and 
reactive power can be separately controlled. Extensive simulations of typical and real 
rural systems using synchronous generators (small hydro) and doubly-fed induction 
generators (wind turbines) have verified that the proposed approaches improve the 
voltage profile of the distribution network. This demonstrated that the original Thesis 
was true and that the techniques proposed allow wider operation of greater capacities 
of DG within the statutory voltage limits. 
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Contend with the powers of nature, force them to the yoke of superior 
purpose. Free that spirit which struggles within them and longs to mingle 
with that spirit which struggles within you. When a man fighting with chaos 
subdues a series of phenomena to the laws of his mind and strictly confines 
these laws within the boundaries of reason, then the world breathes, the 
voices are ranged in order, the future becomes clarified, and all the dark and 
endless quantities of numbers are freed by submitting to mystical quality. 
Nikos Kazantzakis, "Ascetic Life (Salvatores Dei)" 
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Introduction 
1.1 Research Background 
Increased environmental awareness has generated a number of directives both in the 
UK and internationally in order to motivate development of Renewable Energy Sources 
(RES) and Combined Heat and Power (CHP) plants. The EU Renewables Directive, 
the UK Renewables Obligation and revisions to energy trading agreements aim to 
significantly increase the European and UK capacity of Distributed Generators that 
will not operate in response to central dispatch. Most of the Renewable Energy Sources 
are located at remote ends of the Distribution Network (wind, marine, mini-hydro). 
The Renewables Obligation sets a target that by 2010 10%, and by 2020 20%, of 
total electricity supplied should be from RES plant. The goverment has also set a 
target of connecting 10 GW of fossil fuelled but very efficient Combined Heat and 
Power plants. In absolute terms this implies connection ot around 2UUU MW ot 
new Distributed Generation (DG) plant every year [2]. A great amount of this new 
generation (especially from RES) is typically found in remote rural areas where the 
loads are low, the Distribution Network (DN) is medium or even low voltage and 
designed for a unidirectional, downstream flow of energy [3]. The steady-state, slow 
and transient variations of voltage levels related to the connection of a DG can lead 
to undesired operation of voltage control equipment on transformers at the primary 
substations of the network. A net reversal or increase of power flow in lines due to the 
presence or the loss respectively of a DG, can cause unacceptable voltage variations, 
and the Distribution Network Operator (DNO) will likely then require that the DG be 
disconnected [4]. The resulting loss of revenue can be a barrier for the development of 
DG towards the 2010 targets. It is therefore clear, that a technology and an operational 
framework has to be developed that will mitigate these adverse effects. 
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1.2 Basic Definitions 
The following terms will be used in this document as described here: 
Renewable Energy Source is any energy source that is replenished by natural 
processes at least as fast as it is used and its overall environmental impact during 
its life cycle (emergence/consumption) is negligible. Examples are wind, hydro 
(small only), solar, biomass, geothermal, wave and tidal current. 
Transmission Network is the part of the electric power system that is used to 
interconnect large power stations and ship large quantities of energy from 
generators to bulk supply points. Its operation is actively managed and its 
voltage levels in the UK are 400 kV and 275 kV. Furthermore, in Scotland 
the 132 kV sub-system is also operated and considered as "sub-transmission" 
network. 
Distribution Network is the part of the electric power system that is used to 
deliver energy to end customers (loads). Currently there are only a few active 
means of control over its function, such as transformers with online tap changing 
mechanisms. The voltage levels in the UK Distribution Network are 132 kV 
(England & Wales), 33 kV, 11 kV and low voltage (400 V and 230 V) 
Distributed or Dispersed Generation is generation that is connected to the 
Distribution Network and not 'dispatched' i.e. not controlled by the power 
system operator. There is no formal definition of its capacity, but for this 
document this will be considered as less than 20 MW. The terms 'distributed' 
and 'dispersed' will be used interchangeably. 
Embedded Generation is considered by many as equivalent to Distributed or 
Dispersed Generation. In this document an Embedded Generator is defined 
as a Distributed Generator that is physically attached to the same busbar as 
a load and its output is governed by the load requirements. An example of 
an Embedded Generator is a Combined Heat and Power plant that provides 
electricity as a by-product after serving a specific heat load. 
Other sectors: 5% 
I and 
'ices: 5% Power St1 
tic: 16% 
Industrial combustion: 23% 
Transport: 22% 
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1.3 Sustainable Electricity Systems 
It is now understood that anthropogenic pollution of the atmosphere, mainly through 
burning of fossil fuels, makes a large contribution to climate change. The last century 
saw an increase of the global temperatures of 0.6°C, while the Intergovernmental Panel 
on Climate Change (IPCC) has predicted that global temperatures will rise during 
the 21st Century by between 1.4°C and 5.8°C and that sea levels will rise by between 
0.09 and 0.88 metres [5]. Energy production and consumption do more environmental 
damage in the world than any other human activity. Global energy demand is expected 
to increase 57% over the next two decades [6]. The result will be a further 60% increase 
in the emission of carbon dioxide (G02) and other Greenhouse Gases (GHG) [7], when 
the present concentration of CO2  in the atmosphere is the highest for three million 
years. In the UK, electric power stations currently contribute 29% of the total CO2  
emissions. The breakdown of the contribution to GHG emissions by each source in the 
UK for 2002 is shown in Figure 1.1 [8]. 
Figure 1.1: Contribution to CO2 emissions by various sources in the UK, 2002 
At Kyoto, the member states of the European Union (EU) agreed jointly to undertake an 
8% reduction of six key greenhouse gases from 1990 to 2008-2012 [9]. The UK reduction 
target under EU burden sharing arrangements was 12.5%, but the UK government has 
committed itself to a 20% reduction of of carbon dioxide emissions by 2010 and has set 
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an ambitious target for a 60% reduction from the 1990 levels by 2050 [10]. 
Reduction of CO2  emissions is not the only challenge for tomorrow's electricity 
generation system. Fuel poverty and depletion of conventional fuels in the next few 
decades are also threats that cannot be ignored. Energy consumption is correlated 
with the per capita income and is distributed inequitably around the world. It is 
estimated that one third of the world's population has no access to electricity [11]. 
At the same time, oil and all the other fossil fuels are finite resources. World oil 
production is expected to peak during the next few decades and then decline. Oil 
prices will therefore rise rapidly unless alternative fuels can be exploited [12]. 
To mitigate these problems there is a need for Sustainable Energy Development by 
utilising a policy, which will aim to reduce the need for energy by improving the 
effectiveness of its use (Energy Efficiency) and motivate use of energy from a source 
that does not result in the depletion of the earth's resources, whether this is from a 
central or local source (Renewable Energy Supply). The criteria that need to be satisfied 
in order for the operation of the electric power system to qualify as sustainable are: 
. provision of electricity necessary to maintain and improve quality of life to all, 
both in physical and economic terms; 
constraint of pollutants within healthy levels; 
. minimisation of the risk of future environmental or economic impact by limiting 
greenhouse gases, radioactive wastes and other long-lived toxins; 
development and promotion of cheap and environment-friendly technologies for 
electricity generation; and 
electricity pricing that reflects the actual costs of electricity provision, including 
environmental and other external costs. 
An exact definition of energy technologies that meet the above criteria does not exist; 
but when observed from the electric power point of view, sustainability resides in two 
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large thematic areas: increased power system efficiency and development of Renewable 
Energy Sources (RESs). 
1.4 Renewable Energy Sources in the UK Power 
System 
Electricity generated from Renewable Energy Sources is considered as "green" because it 
has negligible emissions of greenhouse gases and other pollutants. Commercial interest 
in RES started in the mid-1970s shortly after the first oil shock and was driven mainly 
by the goal of minimising the dependence of the western countries on oil. Then, since 
the late 1990s a series of incidents occurred and this led to a radical change to the UK 
energy market: 
. CO2  emissions slowed down due to the decline of coal usage; 
oil (and consequently gas) prices rose from approximately $10 to $60 per barrel; 
. wholesale prices fell and undermined future investment in the energy sector; 
. the US energy colossus Enron collapsed along with its trading model; 
. the UK became a net gas importer through the Interconnector and thus gas prices 
were linked to those of mainland Europe. 
It is therefore clear that the UK (as most of the industrialised countries) has two growing 
concerns: the need for an improved environmental policy and the fact that it is already 
an importer of gas, and through gas, of electricity too, as gas is becoming the dominant 
fuel source for electricity [13]. As a consequence, the UK Renewables Obligation was 
introduced by the UK government (and the Renewables Directive in the rest of EU) in 
order to motivate and stimulate development of RES. The former sets a target that by 
2010 a 10% (and 20% by 2020) of total electricity supplied in the UK should be from RE 
plant. Further, the Renewables Obligation aims to increase installed capacity of CHP 
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generation to 10 GW. With the current legislation, method of operation of the power 
system and initiatives (or lack thereof), these targets are now proving very difficult to 
meet. Figure 1.2 shows the generating capacity per plant type in the UK from 1996 to 
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Figure 1.2: Capacity per plant type in the UK from 1996 to 2002, DUKES 2002 
Although still small, Renewable Energy stations' capacity has been increased by 123% 
in these 6 years to reach the 2002 capacity of 1.13 GW. The non-renewable but highly 
efficient Combined Cycle Gas Turbine (CCGT) plant capacity has also been significantly 
increased by 74% during the same period (22.1 GW in total). On the contrary, all the 
non-sustainable plants have seen a decrease in their capacity, with most significant 
the conventional steam plants (15.2%). This is partially due to the UK non-fossil 
commitment, but was further assisted by the fact that some of the coal-fired plants were 
already at the end of their life cycles. Finally the capacity of the large hydro-electric 
plants (including pumped storage) has been increased by 1.24% up to 4.25 GW over 
these six years, although during 2002 there was a decline due to the reduction of 
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the output of some stations In order for them to conform to (and benefit from) the 
pro- Distributed Generation regulations that apply to RES plants with capacity under 
20 MW. The contribution of each technology to the total generation capacity at the 
end of 2002 is shown in Figure 1.3. 
Renewables: 1% 
Conventional Steam: 46% Gas Turbines and 
Oil Engines: 2% 
Nuclear: 16% 
- CCGT: 29% 
Figure 1.3: Contribution of each generation type to the total UK capacity, DUKES 
2002 - 
In the effort to achieve the 2010 and 2020 targets, management of a power system with 
such a high RES penetration is expected to impose major challenges to the network 
operators. The Royal Commission on Environmental Pollution in its report "Energy 
- The Changing Climate", published in 2000, proposes that these challenges may be 
overcome by installing large capacities of conventional fossil fuelled generating plants 
that will be used only for short intervals when the-RES output does not suffice [10]. It 
is easy to understand that such a strategy would have an extremely high capital cost. 
Additionally, each renewable energy technology has its own characteristic impact on 
the environment and the power system and has to be assessed on an individual basis. 
The RE technologies that already are developed, or expected to develop, in the UK 
distribution systems are: 
. wind (on-, near- and offshore); 
0 small hydro; 
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. biomass; 
. solar photovoltaic; and 
. marine (wave, tidal current). 
Large hydro-electricity plants are not categorised among the RESs despite their 
zero-emission operation. The reasons are their high capital cost and their adverse 
environmental effects both upstream (large area flood and significant impacts to the 
habitat) and downstream (quality and quantity of water flow). Also, they are usually 
connected to the transmission rather than the distribution network through dedicated 
power lines. The above list should also contain the Combined Heat and Power (CHP) 
plants because, although they are not fed by a RES, they are highly efficient and 
therefore qualify as sustainable generation by reducing the need for conventional, 
inefficient steam power plant. Wind Energy Conversion Systems and Small Hydro 
Generators are discussed in the following sections as they are the main types of 
generation studied in this research. 
1.5 The RNET Project 
The work reported here was a part of a research project funded by the UK Engineering 
and Physical Sciences Research Council (EPSRC) that emerged in response to 
the EPSRC's Renewable and New Energy Technologies (RNET) programme (Ref. 
RNET1/084). The title of the project was "Maximising the Integration of Embedded 
Renewable and New Generation into Existing Distribution Networks" and it was 
carried out by the Institute for Energy Systems at the University of Edinburgh (led 
by Dr Robin Wallace) with the collaboration of the Manchester Centre For Electrical 
Energy at the University of Manchester, Institute of Science and Technology (led 
by Prof. Goran Strbac). The project was supported by a number of industrial 
collaborators including SP Power Systems, East of Scotland Water, IPSA Power 
Engineering and others. Work was initiated in October 2000 and ended in September 
2003 and involved 4 academic staff, 2 research associates and this PhD studentship. 
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The objective of the whole RNET project, as stated in the project proposal, was to 
develop a body of knowledge and software simulation toolset that would: 
Determine the amount of Embedded, Renewable and new Generation (ERG) that 
can be connected to distribution networks subject to existing and revised system 
restrictions; 
Embody stochastic energy production and load demand as time-series data; 
Apply probabilistic analysis techniques to optimise ERG production, distribution 
system optimal power flow and voltage profiles; 
Identify and validate possible changes to network operation and configuration to 
integrate a greater capacity of ERG 
Quantify the economic interaction between the ERG and the network; 
Investigate local and regional voltage reprofihing - both static and dynamic - to 
optimise capacity and energy production of ERG; 
Investigate active and reactive power control techniques of, or at, the ERG that 
will maximise production and reduce impact on the distribution system. 
These tasks were shared among the collaborators, and this report is on work mainly 
concerned with task 7. 
1.6 Project Objectives and Scope 
In this work the main objective was to explore the possibility of alternative control and 
dispatch of Distributed Generators, in order to maximise production with minimum 
impact on the power system. This was implemented through a number of tasks. It 
modelled power and voltage influenced excitation and governor control of Synchronous 
Generators and studied the dispatch of active and reactive power from Doubly Fed 
Induction Generators by rotor voltage control. Further, DG control algorithms were 
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developed to maximise production, ensuring at the same time that the generator will 
operate within pre-defined voltage and reactive power generation limits. 
1.7 Thesis 
The thesis of the work was that: Intelligent voltage and reactive power control 
algorithms of small-scale generators, which are connected to weak distribution networks, 
can allow increase of their capacity before the statutory voltage limits for quality of 
supply are violated. Particularly, novel control schemes of: 
L Distributed Generators featuring Synchronous Machines and, 
ii. Wind Energy Conversion Systems (WECS) based on Doubly Fed Induction 
Generators (DFIGs), 
can mitigate the adverse effects of increased generation capacity on Distribution 
Network voltage quality. 
1.8 Contribution to Knowledge and Deliverables 
This study contributed to knowledge by creation of appropriate control algorithms 
to assist developers and network operators to increase penetration of distributed 
generation. Furthermore, this research generated a set of models for power systems 
simulation that focuses on control of distributed generation. This allowed evaluation 
of the impact that smart DG controllers introduce to the system, as well as the 
development of algorithms and methods for maximising power production and injection 
into a weak network. Finally, it established a set of rules that may be used to define 
when and which technology should be utilised, in order to achieve the most efficient 
generation and transport of power, taking into account the technical and economic 
issues in each case. 
There are three main deliverables from this research: 
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• the establishment of combined generation, control and network models for detailed 
investigation of novel control algorithms for DGs connected to weak distribution 
networks; 
- 
• a set of novel control algorithms for Synchronous and Doubly Fed Induction 
Generators that will assist injection of power generated by DGs; and 
• an assessment on the application of these algorithms on machines and devices 
connected to a (simulated) existing DN. 
1.9 Thesis Outline 
This chapter was the introduction of this thesis. Chapter 2 explains the issues 
related to increased penetration of Renewable and Embedded Generation in the 
Distribution Network. Then Chapter 3 describes modelling of distribution networks as 
well as generation plants based on synchronous machines such as Small-Hydroelectric 
Generators (SHGs). Chapter 4 presents the modelling of wind energy conversion 
systems and builds a full wind-to-wire dynamic model of a variable speed wind turbine 
including a doubly fed induction generator. Chapter 5 presents the developed control 
algorithms for Distributed Generators that improve steady-state voltages. Chapter 6 
presents the performance of the developed algorithms through a case study that 
considers connection of various DGs in a part of the Scottish Distribution Network, 
and then it discusses the findings. Finally, Chapter 7 makes the conclusions of this 
work and summarises the thesis. 
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Chapter 2 
Embedded and Renewable 
Generation in the Distribution 
Network 
2.1 Introduction 
This chapter provides a background on Electricity Distribution Networks and explains 
the problems related to increased penetration of Renewable and Embedded Generation 
in the MV grid and in particular in weak rural networks. The characteristics of a typical 
distribution system are shown and then the obstacles for the connection of Renewable 
and Embedded Generation to it are presented. The most important of these is the 
alteration of voltage profiles throughout the distribution network due to the addition 
of DG, and therefore this is further discussed. The power flow between two buses 
is derived and used as an example to depict the voltage rise problem. The effects of 
different conductor sizes and voltage levels on voltage rise are presented through a series 
of simulations and finally the structure of voltage control within a distribution system 
is presented. 
2.2 UK Regulations on Voltage Variation in DNs 
The Distribution Network Operators (DNOs) are obliged to provide electricity that 
complies with statutory levels for quality of supply. Voltage fluctuation is one of 
the monitored indices. Electricity Supply Regulations 1988 (Regulation 30) requires 
that the voltage variation at a consumers supply terminals at a voltage less than 
132 kV should not exceed 6% above or below the declared nominal voltage. The 
1994 amendment of Regulation 30 (passed in order to make it compliant with the 
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European Standard EN50160:1994), sets the permissible voltage variation at a low 
voltage consumers supply terminals between 10% above or 6% below nominal. - 
The Electricity Supply Regulations 1988 was replaced by the Electricity Safety, Quality 
and Continuity Regulations 2002. As defined in Regulation 27, the voltage limits for 
the distribution and transmission networks in the UK are: 
• 10% above or 6% below the declared voltage at the declared frequency for voltage 
levels between 50V and 1kV, 
. 6% above or below the declared voltage at the declared frequency for voltage levels 
below 132kV, and 
• 10% above or below the declared voltage at the declared frequency for voltage 
levels above 132kV (transmission level). 
Traditionally in the distribution networks these limits are preserved through use 
of transformers with fixed taps and by using on-line tap changers on transformers 
at some of the bulk supply points. However, with the introduction of distributed 
generation these measures may not be sufficient to maintain an acceptable voltage 
profile throughout the network. However it should be noted that DNOs may operate 
well within the ones defined above in order to enhance security and quality of supply. 
2.3 Distribution Network Structure 
Historically, Distribution Networks (DNs) were designed to convey electrical energy 
from the central power stations that were connected to the High-Voltage (HV) 
Transmission Network (TN), to consumers connected to medium (MV) and low (LV) 
voltage circuits [15]. The most common topology of DNs in rural areas is long radial 
feeders. Particularly in Scotland, the DN is characterised by long overhead line circuits 
at 132, 33 and 11kV. Depending on the area, there may be some interconnection at 
132kV, but this can be sparse at 33kV and non-existent at 11kV. Overall impedance 
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as it would be at transmission level. The reduced loads typically found in rural areas 
allowed the network to be extended radially from the bulk supply points. While the 
fixed geometry of the conductors of 33 and 11kV overhead lines bring about a nearly 
uniform reactance, increasingly tapered circuits see the resistance rise with reduced 
conductor cross-sectional area towards the edges of the network. The diagram of a 
typical radial network is shown in Figure 2.1. 
Figure 2.1: A section of a common distribution network consisting of a tapered radial 
feeder with loads 
The distribution system was designed on the basis that power flows were unidirectional; 
real and reactive power were flowing from the Bulk Supply Point to the loads [16]. 
In addition, consumer load patterns (and therefore network power flows) were to a 
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great extent predictable, with periodic patterns lasting from days to seasons. Voltage 
profiles were established by a radially tapered conductor system, and off-load voltages 
(and on-load profiles) were set by initial adjustment of fixed off-load taps in the IV 
transformers at 11000:430V. It was operated in a passive fit-and-forget manner and was 
maintained on a planned routine basis. At the most remote ends of the 11kV network, 
voltage was passively controlled by means of transformers with fixed taps adjusted 
to set the on-load voltage within statutory limits. Transformers at the Bulk Supply 
Points (11:33kV or 33:132kV) were equipped with On-Line Tap Changers (OLTCs), 
which operated actively in response to voltage change with power flow [17]. Statutory 
voltage limits were set in order to maintain quality of supply (±6% for MV in the UK) 
and to ensure this, DNOs often planned and operated their networks in a ±3% voltage 
envelope [18]. 
2.3.1 Conductor Sizing and Spacing 
Typically, population density and demand for electricity tends to reduce along the feeder 
and towards its rural edge. This fact allows the DNOs to reduce their development costs 
by reducing the capacity of the feeder as it approaches its remote end. This is usually 
done by reducing the cross-sectional area of the conductors. However, this means that 
the network resistance Rkm  per kilometer increases, as: 
Rkm P ohm/km (2.1) 
where: p = resistivity, 
I = conductor length (m), 
and - r = conductor radius (m). 
In the simplest case of balanced currents and a three-phase line with its conductors 
symmetrically spaced in a triangular configuration as shown in Figure 2.2, the line 
inductance per phase per kilometer length is shown in by Equation 2.2 [19]. 
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Lkm = 0.21n 
d 
1 mH/km re 4 
(2.2) 
where: d = conductor spacing (m). 
ci 
Figure 2.2: Three-phase line with symmetrical spacing 
The most commonly used conductor setup in distribution systems is the in-line 
configuration depicted in Figure 2.3 (left). Being asymmetric, the line inductance in 
this setup differs from phase to phase. One way to regain symmetry in good measure is 
to use conductor transposition as shown in Figure 2.3 (right). However this technique 
is not very common in distribution levels. 
It can be shown that in this case the inductance per phase per kilometre length for a 
solid round conductor is 





where GMD is the geometric mean distance and equals to 
GMD = /DABDBCDAC (2.4) 
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Figure 2.3: In-line configuration of conductors of a three-phase line (left) and 
conductor transposition (right) 
In the case of a stranded conductor with n strands, Equation 2.3 is modified by replacing 
the term re with the Geometric Mean Radius (GMR): 
GMR = /(DaaDab Dan)• . (DnaDnb" D), (2.5) 
where Daa = Dbb = = Dnn are the radii of each strand and D23 for i,j E [1,n] and 
i =A j are the distances between the centres of the strands. Line reactance Xkm per 
kilometre is: 
Xkm = L x 2irf ohm/km (2.6) 
where f = network frequency (Hz) 
In all cases equations 2.1 through 2.6 show that r is a significantly more important factor 
in R than in X. Line inductance is mainly geometry dependent. However, the geometry 
of the lines tends not to change much, hence X remains largely constant and therefore 
the X : R ratio decreases rapidly with reduction of the conductor cross-sectional area. 
This has serious implications on the development of DG projects located close to the 
remote ends of the DN as the increased R will exaggerate the variation of voltage 
due to generated real power export. It should be noted here that for other conductor 
topologies, line reactance X differs from the value given by Equations 2.6 and 2.3 but 
the effect of r on it is of the same magnitude. A set of typical conductor sizes and their 
characteristics is shown in Table 2.1. 
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Conductor Resistance R Reactance X Thermal limit Investment costs 
type cl/km 9/km (50Hz) MVA £/km 
ACSR 34/6 0.848 0.4 7.4 7,870 
ACSR 54/9 0.536 0.4 9.9 9,200 
AAC 132 0.219 0.4 17.5 11,470 
Table 2.1: Typical conductor sizes and their characteristics. Data taken from [1]. 
The three conductors presented in Table 2.1 are named after their size and type. Hence, 
the first represents a conductor with 34mm2 of aluminum wire strands and a 6mm2 steel 
core reinforcement, the second with 54mm2 of aluminum wire strands and a 9mm2 steel 
core, and the third with 132mm2 of aluminum wire strands and no core. It is shown 
that although the reactance remains practically constant, the resistance varies widely 
with changing cross-sectional area, with high values for small areas and vice-versa. The 
thermal limit of the line is increasing with the cross-sectional area (which means that 
more power can be shipped through the line) and finally the investment cost also rises 
for heavier conductors as expected. 
2.3.2 Selection of Distribution Network Operating Voltage 
The capital cost of a distribution system can also be lowered by using lower voltage 
levels in low demand areas. This is done by installing step-down transformers. Table 2.2 
shows the relative capital cost per kilometre, the maximum possible feeder length due 
to overvoltage constraints and the power losses per km for four nominal DN voltages 
(under the same loading conditions). It should be noted that the 6.6 and 20kV levels 
are not used in the UK, but are shown for comparison. 
For all three parameters the 11kV voltage level is taken as reference. It is seen that 
the capital cost for a 33kV overhead line can be over 30% higher than for an 11kV 
for the same feeder length. However, the table shows that a 33kV operating voltage 
will allow the feeder length to be increased 9 times before voltage violations become 
a problem as the reduced resistance will cause less voltage rise/drop. Additionally, 
the power losses for the same distance will be reduced to one tenth [1]. Switchgear, 
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Voltage Capital Cost/km Feeder Length Power Losses/km 
W % % % 
6.6 93 41 278 
11 100 100 100 
20 112 331 30 
33 131 900 11 
Table 2.2: Relative characteristics of overhead lines in the distribution network. 
From [1]. 
protection and transformer costs will also rise with operating voltage, but on the other 
hand the number of substations will be reduced due to the reduced voltage rise/drop. 
Hence, the decision of the operating voltage can only be made on an individual basis, 
also considering the long-term development projection of the covered area. 
2.4 Power Flows and Voltages in a Two-Bus System 
The simplest case of a power system consists of two buses connected by a single line. 
One of the buses is considered as the infinite bus, i.e. a bus that is assumed to have 
fixed voltage magnitude and angle, while the second bus hosts a load. Such a system 
is depicted in Figure 2.4. 
V2 vi 
DG ---- [--(r\j 
 
R jX Infinite 
1-i  Grid 
Figure 2.4: A simple two-bus system 
In this system a distributed generator is connected to the load bus and therefore the 
real and reactive power PB and QB  that the load bus exchanges with the network is 
the difference between the PG and QG  of the generator and the PL  and QL  of the load. 
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The complex power exchanged between the infinite bus and the rest of the system S 
depends on the bus voltage and the line current and is defined by: 
S=P+jQ=Vi xI* (2.7) 
By solving Equation 2.7 for I we get: 
P—A
.1= (2.8) 
Application of Kirchoff's voltage law on the two-bus system gives: 
(2.9) 
where R and X are the line's resistance and reactance respectively. Using the above 
expression for the current and by combining it with Kirchoff's voltage law it is possible 
to derive the voltage on the load bus: 
(2.10) 
Equation 2.10 calculates the voltage on the load bus for a given state of infinite bus 
power and voltage. This equation can be further simplified by choosing the infinite bus 
voltage as phase reference, (therefore i7j = = V1 LO° = Vi  ), allowing Equation 2.10 
to be rewritten as: 
- RP+XQ .XP — RQ 
V2 V1 TP 3 
V1 v1 
(2.11) 
It can be shown that if the values of PL, QL, Pc, Qc and V2 were given instead, the 
same process would give: 




where PB=PL — PG and QB = QL - QG. 
In real life however, it is the voltage on the infinite bus and the power demands on the 
load bus that are given. Therefore it is not possible to solve Equation 2.12 algebraically, 
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as there is a nonlinear relationship between V2 and powers PB and QB.  It should be 
noted here that the power that the load bus exchanges with the line does not equal 
the power the latter exchanges with the infinite bus, as there are the real and reactive 
power losses on the line due to the resistance and reactance respectively. Equation 2.12 
is the simplest case of a load flow problem that is typically solved using classic iterative 
algorithms such as Newton-Raphson, Gauss-Seidel and their variations. 
The voltage rise DV on the line can be calculated from Equation 2.12: 
RPB + XQB .XPB - RQB ijv=v2 -V1 = 
V2 V2 
(2.13) 




Figure 2.5: Vector diagram of the two-bus system 
According to (2.13), the real and imaginary parts of the voltage rise in this figure LW 






XPB - RQB (2.15) 
V2  
The imaginary component of the voltage rise j6V in this diagram has been exaggerated 
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as it is normally very small relative to the real part AV. This is because in distribution 
networks R is high (and comparable to X). For the same reason Equation 2.13 is often 
simplified to: 
RPB + XQ fi 
DV = = (2.16) 
V2  
In weak distribution systems, the high X/R ratios typical in the transmission network 
are replaced with X/R ratios dominated by resistance. Therefore the DNs are more 
vulnerable to RP/V than to XQ/V terms in the voltage rise, and this has commercial 
implications as the voltage limits are easily reached with small increases of the 
generator's output. 
2.4.1 Illustration of the Effects of Conductor Sizing 
The voltage response on the load bus of the two-bus system of Figure 2.4 to increasing 
load is shown in Figure 2.6. In this example the line has been modelled as a 1km long 
feeder consisting of the three alternative conductor types presented in- Table 2.1. The 
load is increased from zero to 10MVA at 0.9 power factor and there is no generation. 
The effect of different conductor sizing is apparent in this graph. This example 
shows that selection of the smaller conductor type (ACSR 34/6) would clearly lead 
to undervoltages well below the —6% statutory limit, while the next size (ACSR 54/9) 
would just reside within the limit. It should be noted that in reality none of these two 
types would be selected as both of them have lower power transfer capacity, with a 
thermal limit of 7.4MVA and 9.9MVA respectively. Use of conductor type AAC 132 
would give acceptable voltage results and would also be able to cope with the higher 
power transfer. 
Figure 2.7 shows the effects on local voltage of adding a distributed generator on the 
load bus of the same two-bus system. In this example the local load was held constant 
at 10MVA, 0.9 power factor and the generation increased from zero to 25MVA (PF = 
0.9). 
While generation was below the local demand, voltage remained below 1.0pu. With 
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Figure 2.6: Voltage drop due to load increase on the two-bus system 
the reversal of power transfer (SG > SL) voltage crossed unity for all three conductor 
types. However, an important observation is that the weaker the line is (i.e higher 
resistance - lower X/R ratio), the wider the fluctuation becomes. This results in a 
lower power output from the generator before the statutory limit is violated. With the 
ACSR 34/6 type the +6% limit was reached at 18MVA (28% below rated DG output), 
while ACSR 54/9 allowed generation of (22MVA 13% below rated DG output). Type 
AAC 132 resulted in a voltage well below 1.06pu even for 25MVA generation. The 
financial implications of this difference are significant. With the current UK wholesale 
price of approximately 2 pence/kWh for DG, the 28% reduction of output in the case 
of ACSR 34/6 would incur a reduction in revenue of £3,360 per day for the 25MW 
generator. Respectively, the loss in the case of ACSR 54/9 would be £1,440/day. 
The effects of distributed generation on power losses on the network are depicted in 
Figure 2.8. As expected, it can be seen that for generation up to the level of local 
demand the power losses on the line are reduced, to become zero when generation 
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2—bus system, 10 MVA load, 0-25 MVA generation 
0 5 10 15 20 25 
generation (MVA) 
Figure 2.7: Voltage effect of increasing generation on the two-bus system 
It should be noted here that this graph shows the power loss (P 8) for the simple case 
that generation power factor is equal to load's PF (i.e. Pc = PL and Qa = QL). In 
most cases PFG =jA PFL and therefore the losses on the line cannot be zeroed. 
Once again it is apparent that the effects of weak lines are more significant. 
Nevertheless, in all cases connection of a generator in the distribution network will 
improve system operation as the losses will generally be reduced, unless the generator 
output is higher than the local demand. Power losses are closely related to thermal 
loading, as the lost power on the line is dissipated as heat, and each conductor type has 
a limit on the power that can be dissipated without overheating. Consequently, line 
losses (together with transformer ratings) determine the maximum power transmission 
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2—bus system, 10 MVA load, 0-25 MVA generation 
0 5 10 15 20 25 
generation (MVA) 
Figure 2.8: Power losses on the line for the two-bus system 
2.4.2 Illustration of the Effects of Voltage Level 
The operating voltage level of a distribution network has a significant effect on the 
power flows and the voltage variation. Equation 2.7 indicates that for the same power 
exchange from/to a bus, a higher bus voltage would result in proportionally lower line 
current. Since the voltage drop on the line is proportional to current (Equation 2.9), 
a high operating voltage is desired in order to reduce current and voltage fluctuations 
with varying power flows. This is depicted in Figure 2.9. 
The excursion is significantly wider (and unacceptable as it crosses the ±6% margins) 
for the 11kV system. It is shown that in the modelled system the highest power output 
that could be safely accommodated using an 11kV line would be 20MVA. In monetary 
terms this would mean a £2,400 reduction of revenue per day for the 25MW generator, 
assuming it can otherwise generate at capacity for 24 hours a day. Deviation decreases 
with operating voltage and the smallest is experienced for the 33kV system. The 
reduction of line current with increasing system voltage will also lead to lower losses as 
P10 = J(I x Ziine).  This is illustrated in Figure 2.10. 
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Figure 2.9: Voltage variation at the load bus of the two-bus system for type ACSR54/9 
conductor and for three operating voltage levels 
2.5 Voltage Variation in the Distribution Network 
Typically, distribution systems consist of long, radially tapered feeders such as the one 
shown in Figure 2.1. Assuming that the transformers operate at a fixed tap, in such a 




(Rk + jXk)(Pk+1 - jQk+1) Pu (2.17) 
k=1 
As Equation 2.17 shows, the distributed loads (as well as the loading of each branch) 
affect the voltage profile across the feeder. A common way for network operators to 
tackle the voltage drop problem is to raise the voltage at the Bulk Supply Point (BSP) 
and therefore throughout the whole feeder. Table 2.3 shows the electrical data of an 
example network with the same topology as the one in Figure 2.1. The voltage profile 
across that network is presented in in Figure 2.11. 
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Figure 2.10: Power losses on the line for three operating voltage levels 
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Figure 2.11: Voltage profile of the six-bus system of Figure 2.1 with no embedded 
generation 
The voltage at the BSP was selected to be 3% above the nominal voltage of 11kV to 
compensate for the voltage drop along the long line. Two transformers were installed to 
serve the same purpose at positions further down the feeder. As shown in Figure 2.11 the 
voltage variation for three different load levels (100%, 66% and 33% of the maximum) 
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System voltage 11kV 
Conductor type ACSR 54/9 
Rkm 0.53611/km 
Xkm 0.411/km 
Branch length 1km 
T1 ratio +3% 
XT1 0.036311 
'2 ratio +2% 
XT2 0.036311 
Loads 1.5MVA each 
Embedded Generator 2MVA 
Table 2.3: Electrical data of the network of Figure 2.1 
is just within the statutory limits. Addition of an embedded generator at the farthest 
bus of the feeder would raise the voltage of all the buses above the +6% limit for the 
low load case as shown in Figure 2.12. 
6—bus system, 2 MVA EG 
1.1 
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Figure 2.12: Voltage profile of the six-bus system of Figure 2.1 with 2 MVA of 
embedded generation on bus 6 
The problem could be resolved by readjusting the tap positions on the transformers to 
1.0 or less as shown in Figure 2.13. However, since an embedded or renewable generator 
is inherently intermittent, the risk of undervoltages in case of an output reduction (or 
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even complete disconnection) would be greatly increased. 
It should be noted here that for the purpose of these simulations, the BSP was 
represented by the slack bus. In a real network, BSP is the point of connection of the 
local distribution system to the transmission grid. However, in the Scottish network, 











6-bus system, 2 MVA EG, modified 
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Figure 2.13: Voltage profile of the six-bus system of Figure 2.1 modified to 
accommodate 2 MVA of embedded generation on bus 6 (transformer  1:1) 
2.6 Voltage Control in the Distribution Network 
Control of voltage in a power system is generally performed according to a three-level 
hierarchical structure. The reasons of using such a mode of control are the size, structure 
and complexity of the system, as well as the difficulty of collecting and managing the 
amount of information needed to control such a system from a central location. A 
system of the size of a distribution network may contain areas with conflicting objectives 
and in need of different methods of control. A hierarchical scheme can be divided into 
sections, each with its own control strategy, performed by a dedicated controller. This 
way the computational burden is also reduced. 
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The three levels of control of a power system are primary, secondary and tertiary. 
Primary control involves the second by second (instantaneous) control of a generating 
plant using its governor, Automatic Voltage Regulator (AVR), Power System Stabiliser 
(PSS) etc. to regulate voltage and power output in a safe and acceptable manner 
during steady-state and transient operation of the system. Secondary control ensures 
that the steady-state voltage profiles in the controlled area are within the statutory 
limits of quality of supply. Secondary control is performed by inductors, capacitors and 
more rarely synchronous and Static VAr Compensators (SVCs) installed throughout 
the network. All these devices regulate voltage by adjusting the amount of reactive 
power exchanged with the power system. OLTC transformers are also utilised for 
(direct) secondary voltage control. Finally tertiary control ensures an optimal voltage 
profile of the system and coordination of the tertiary control mechanisms according to 
safety and economic criteria. Tertiary control is generally performed centrally on large 
transmission networks in a time frame of tens of minutes, by sending commands to the 
generators to adjust their operating point according to system's estimated requirements. 
In this work it is proved that the distributed generators themselves can be used for 
tertiary voltage control. 
2.7 Further Effects of Increased Generating 
Capacity within the Distribution Network 
It is well understood that voltage rise is the number one issue concerning the increasing 
generating capacity within distribution networks. However, there is a series of other 
significant obstacles that are associated with distributed generation. 
As already discussed, distribution networks were designed for unidirectional power 
flow from the heavily reinforced transmission system to the consumer, via radial-feed 
overhead lines. Connection of generators at the former receiving-ends will under certain 
circumstances cause severe situations such as undesirable function of automatic control 
voltage equipment, increment of fault levels, effects on system protection and reduction 
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of system stability [16, 20, 21]. 
Connection of a DG to a distribution network will increase the fault levels everywhere, 
but most in the neighbourhood of the connection point. If the fault levels before the 
connection of the DG are already close to the design limits, the fault contribution 
of the DG may increase them to unacceptable levels. Towards the remote ends of the 
distribution network, the fault levels are lower and the problem becomes more apparent 
[2,22]. 
Distributed generation schemes based on synchronous generators can both export and 
absorb reactive power and can therefore cause a steady state voltage rise or fall. 
Consequently they will generally improve voltage and frequency stability. Induction 
generators will contribute real power to system thus increasing capacity and hence 
frequency stability. In case of induction generators, a three-phase fault would inhibit 
supply of reactive power to the generator, hence its excitation will be discontinued and 
therefore its contribution to fault currents will be constrained only in the subtransient 
period [23-25]. 
A great concern should be dedicated to the islanding issue. In case that the grid 
supply is interrupted for any reason, any EG connected to the "islanded" part of the 
network is required to be disconnected for safety reasons. The network voltage must be 
absolutely equal with that of the EG in terms of amplitude, frequency and phase upon 
reconnection, otherwise this would lead to asynchronous connection and possibly the 
destruction of the EG. It should be noted that an induction generator cannot maintain 
voltage amplitude and frequency. DGs should be reconnected only after synchronisation 
with the network voltage. Islanding may also cause security issues for the consumers 
and the repair personnel, or leave the DG without earth. Engineering Recommendation 
G.59/1 describes the way that an DG should behave in the event of loss-of-mains [2, 
23,26]. 
Flicker is an engineering expression for short-lived voltage variations in the electrical 
grid, which may cause connected light bulbs to flicker. A wind turbine connected 
to a weak grid may cause voltage flicker, as momentary wind variations will cause 
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fluctuations in power output. When the blades of the turbine pass in front of the 
tower, the reduction of the torque due to the wind shadowing causes a reduction of 
real power export and voltage variation with a frequency around 10Hz. Flicker effect is 
reduced when many wind turbines work in parallel. Moreover, the time-varying output 
of photovoltaic systems can cause flicker [23]. 
DGs that incorporate line commutated power electronic converters will introduce 
harmonics to the system that (depending on converter size and technology) may be 
outside the statutory limits set out by Engineering recommendation G.77. However, 
modern inverter-based DGs, such as photovoltaic systems and variable-speed wind 
turbines use power electronic converters based on Insulated Gate Bipolar Transistors 
(IGBTs) operating at frequencies that are well outside the bandwidth of the network 
(typically 10kHZ) and thus are filtered out. Harmonics are considered as "voltage 
pollution" and are the reason for problems like machine and transformer overheating as 
well as the malfunction of line-commutated rectifiers. Excessive levels of harmonic 
distortion may require operation of the network at reduced ratings. Engineering 
recommendation G.77 has been issued by the Electricity Association in order to set the 
limitations regarding harmonics in the transmission/distribution network. Although 
large inverter-based plants do not exist at the moment, advances of converter design 
and power electronic devices may increase their utilisation [23, 27]. 
2.8 Summary 
Distributed renewable generation cannot be dispatched. It can be constrained 'off' 
(or be asked to reduce its output) by agreement with the DNO by using protection 
mechanisms that restrict network impacts such as overvoltage at times of low local 
demand. However, it cannot be constrained 'on', or be asked to increase its output, 
as it is always depended on the primary energy source. Where the energy source is 
time varying, power flows and voltage profiles in the network take on a time variation, 
which if unchecked can lead to violations in supply quality of the voltage. This can be 
of a high incidence and a highly varying nature where the energy source is extremely 
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variable such as in the case of wind. Longer term, more steady reversals in power flow 
can occur with biomass or Combined Heat & Power (CHP) plants that are crop- or 
heat-led. 
The loss of possible generation in a distribution network due to its weakness can 
be quite significant. To accommodate the power flow characteristics of distributed 
generation in a weak rural system, where the renewable energy resources are mainly 
located, within acceptable limits on supply quality either will require the extensive and 
deep reinforcement of the network to mitigate voltage variation, or a very high level of 
active management. The investment in new plant could be drastically increased, and 
operating costs would rise by an order of magnitude. A better understanding of the 
nature, operation and control of distributed generation is therefore necessary if the set 
targets of DG penetrations are to be met. The next step would be to devise modes of 
operation and control strategies for the DGs such that they can contribute to tertiary 
control. The following chapters discuss the modelling and control of such generators 
and provide the basis for the proposed control algorithms. 
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Chapter 3 
Modelling of Hydro Generation 
within the Distribution Network 
3.1 Introduction 
During the conversion of energy from its original state (e.g. wind, hydro, chemical) to 
electricity a number of distinct processes are taking place. In order to build a system 
model that is both functional and intuitive, the process has to be broken down to 
several subsystems according to their function, and each of them has to be modelled 
individually. This chapter discusses the dynamic model of a Small-Hydro Generation 
Plant that can be used for voltage variation studies. Further, it presents a Distribution 
Network model based on power flow analysis and its interfacing with the SHG model. 
A model for an On-line Tap Changing transformer is then presented and the chapter 
closes with a set of simulation results that illustrate the combined operation of the 
developed models. 
3.2 Modelling of Distributed Generation 
It is possible to build a system model where its top level block diagram is common for 
many different types of energy sources and conversion schemes. Use of a standardised 
top level model allows direct comparisons of the operation and performance of such 
systems, as well as easy transfer and evaluation of applicable control techniques between 
them [28]. Such a top level diagram for dispersed generation schemes is depicted in 
Figure 3.1. 
In large scale, conventional power stations the energy source is completely controllable 
and can be considered constant (e.g. coal, large hydro, nuclear). Therefore, their 
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Figure 3.1: Source-to-electricity block diagram of a power conversion scheme. Blue 
arrows represent energy flow and red arrows represent control signals. 
modelling can be omitted if the simulation focuses on the electrical aspects of the system. 
This is not the case with dispersed generation, where in most cases the primary energy 
resource is variable due to natural (wind, water flow, sunlight, sea state), or technical 
(varying demand on combined heat & power) reasons. Natural resources cannot be 
controlled and, additionally, in most cases are hard to predict, and the output of CHP 
plants is often governed by the heat load. 
The prime mover translates the energy from its original form to rotational speed 
(torque) in order to drive the generator. This rotational speed can be variable, and 
well out of the operational range of the generator. Large wind turbines rotate at a 
speed of about 25 rev/min maximum and a gas or steam turbine can operate at up to 
several thousand rev/mm. This speed has to be matched to the optimum value for the 
generator, which depending on its pole pairs number can be 3000 rev/min or less for 
a 50 Hz power network. This job is done by the drive train, which can be a constant 
ratio gearbox. 
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The electric generator in dispersed generation schemes is typically a Synchronous, 
Squirrel Cage Induction,or Doubly-Fed Induction Generator. The generator controller 
regulates one or more of the real and reactive power, the speed and the voltage. The - 
primary energy converter is also used to regulate the mechanical power and/or the 
rotational speed of the generator. The supervisory control performs high-level control 
on the system in order to optimise the performance of the system as a whole and the 
protection systems are there to disconnect and lock the generator in case of emergency. 
Finally, the power network model includes all the components of the distribution system 
and can have varying levels of detail, depending on the type of simulation. 
A model of a generator (and in general any component of the power system) can be 
categorised according to the time frame it is operating in. In that respect, there are 
three categories of models, namely steady-state, transient (dynamic) and sub-transient. 
Table 3.1 shows the possible applications for each type of DG model [29]. 
Model Type Type of study 
Steady-state (static) Load and power flows 
Voltage variation 
Energy capture assessments 
Short-circuit studies 
Supervisory control design 





Sub-transient Start-up transients studies 
Load transients studies 
Fault operation 
Harmonics and sub-harmonics studies 
Control of power electronics 
Detailed optimisation 
Table 3.1: Possible applications of dispersed generator models in the three time frames 
Selection of the correct model for each type of study has a very high importance. 
Selecting a model of higher order than needed will increase simulation times without 
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offering more information, and a lower order model will generate suboptimal and/or 
erratic results [30, 31]. The static model of a dispersed generator is used in all steady 
and quasi-steady state analyses such as load and power flows (power delivery and voltage 
variation studies) as well as assessments of energy capture and calculation of fault levels. 
The static model is very basic and consists of a pure voltage source, a voltage and real 
power source, or a real and imaginary power source, depending on the type and mode 
of operation of the generator [32]. In each case the respective parameter(s) is (are) 
constant or adjusted according to the control strategy of the generator. 
The transient model of a dispersed generator is one step more detailed and is used 
for studies that involve system dynamics such as small-signal stability and dynamic 
response to faults, as well as optimisation of controllers. 
Finally the sub-transient model is of higher order and is needed for non-fundamental 
frequency analysis, short-lived transient effects such as the ones that occur during faults, 
generator start-up, power electronics simulation and control, and low-level controller 
design and optimisation. Study of such phenomena is not an object of this work and 
therefore sub-transient models will not be discussed. 
3.3 Small Scale Hydro Power Generation 
Small-scale Hydro Generators (SHGs) convert the kinetic energy of flowing water to 
electricity. Obviously, SHGs can only be built at places where adequate water flow 
is available, but if the resource exists they can generate clean and reliable energy 
as the technology is more mature compared to other RES such as solar and wind. 
On the other side, land costs and infrastructure usually raise the initial expenditure 
[11]. Additionally, an SHG plant can have minimal environmental impact if carefully 
designed. It can provide an alternative source of energy to remote loads, and due 
to its simple construction can be a viable option for rural electrification in many 
developing countries [33]. There is not a clear threshold between 'small' and 'large' 
Hydro Generation, but for this work anything less than 10 MW will be classified as 
'small'. Mini- (mHG) and micro- (HG) Hydro Generation installations are defined 
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by unit capacities of above and below 100 kW respectively and are usually connected 
to the IV network. The total UK capacity of technically and financially feasible sites 
was estimated to be approximately 240 MW [34]. At the end of 2002, a total capacity 
of 194 MW was installed [14]. Figure 3.2 illustrates the basic diagram of an SHG 
installation. 
Figure 3.2: Diagram of a Small Hydro Generator Installation. 
3.3.1 Hydro Turbine Selection and Modelling 
As water flows downstream in a river (or within a penstock), its potential energy is 
transformed to kinetic energy. The transitional kinetic energy of the water is then 
transferred as rotational kinetic energy to the hydraulic turbine, and the water exits 
with a lower energy content. In a Francis (reaction) turbine water enters the turbine 
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tangentially through. guide vanes (or gates) and exits axially. The guide vanes regulate 
water flow (and therefore output power) by increasing or decreasing the cross-sectional 
area of the gate. 
The shaft output power is given by Equation 3.1 [35]. 
P=pxgxHxQx'q Watts (3.1) 
where: p is the density of water (1000kg/rn3); 
g is the acceleration due to gravity (9.81rn/s2); 
H is the hydraulic head in metres; 
Q is the volume flow rate (rn3/s); and 
77 is the turbine efficiency. 
From the equation above, the two variables that affect output power are the hydraulic 
head H and the volume flow rate Q. There are a number of different turbine types and 
their efficiency (and therefore their appropriateness for a particular site) is defined by 
the available operating head. Because energy density in the water varies with head, for 
lower heads a larger volume of flow is needed. Therefore it is clear that the hydraulic 
head defines the turbine type, physical size and mechanical power output. The water 
flow, and hence the torque of the generator is controlled by the governor. The most 
common turbine types are the Pelton wheel (impulse category), the turgo-impulse and 
the crossflow type (part impulse, part reaction), the Francis and the Kaplan types 
(reaction category) and finally the tubular and the bulb types [34]. Table 3.2 shows the 
head range of each turbine type. 
3.3.2 Electric Generators for SHGs 
The most common generator type in SHGs is the synchronous machine. Only in very 
small installations (mHGs and HGs) are induction generators (IGs) utilised, and 
only when the generator is connected to the grid, which provides steady voltage and 
frequency, as when stand-alone, the induction generator's voltage and frequency vary 
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Thrbine Type Head Range (m) 
Pelton 100 - 1400 
Turgo 10 - 300 
Crossflow 60 - 300 
Francis 50 - 400 
Kaplan 10 - 50 
Tubular 4 - 20 
Bulb 2-30 
Table 3.2: Types of hydro turbines and their head ranges 
with load and mechanical power input. Otherwise induction machines are an attractive 
option due to their robustness and cost-effectiveness. Another disadvantage of IGs is 
their inability to control power factor as the relationship between their real and reactive 
power output cannot be regulated. Although not widely used at the moment, recent 
developments on doubly fed induction generators (DFIGs) are expected to assist the 
utilisation of them in small hydro schemes. 
When a synchronous generator is used standalone, the generated voltage is held constant 
by an Automatic Voltage Regulator (AVR), which directly or indirectly controls the 
magnetising (excitation) current for the rotor field. The operational frequency is 
determined by the rotational speed and the number of pole pairs. When connected 
to a network, a synchronous generator can independently regulate its real and reactive 
power by adjustment of its mechanical power input and excitation respectively. 
3.3.3 Turbine - Generator Control 
There are three types of excitation systems and two types of governors. The 
Synchronous Generator in SHG installations can be shunt or separately excited, and 
there are also some (small) SGs that have a permament magnet mounted on the shaft 
which provides the required EMF to the stator. Shunt excited generators do not need 
external supply for their excitation and therefore are ideal for off-grid plants. However, 
the excitation voltage is dependent on the stator voltage and therefore a sudden 
change of the load will induce a transient to the excitation, which may destabilise 
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the machine. Separately excited SGs can overcome this problem, but at the cost of 
requiring an external power supply. 
A top-level block diagram of the developed model is shown in Figure 3.3. In the following 
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Figure 3.3: Top-level block diagram of the developed model for the small-hydro plant 
3.4 Hydraulic Governor Model 
The gate opening input of the hydraulic turbine has to be continuously controlled to 
react to load or turbine mechanical power (input) changes, otherwise the generator's 
output power would vary accordingly. This is performed by the speed governor, which 
measures the machine speed and adjusts the gate opening (and therefore the power 
input) to compensate the variability of the source or the load. Modern governors 
are electronically controlled, but due to the high associated forces there is a need for 
a combination of pneumatic, hydraulic and/or mechanical subsystems to assist gate 
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Figure 3.4: Block diagram of the hydraulic governor 
In "island operation" (generator and local load not connected to a larger network), 
or during startup of the generator (pre-synchronisation), the governor is regulated by 
means of a feedback loop that provides a rotational speed error signal and a power 
error signal with a droop characteristic (if there are multiple generators running in 
parallel). When the generator is connected to the network, the speed error signal is 
disabled (since the generator is synchronised) [38,39]. These error signals are fed to 
a Proportional-Integral-Derivative (PID) controller. The proportional part of the PID 
controller amplifies that error signal, thus accelerating the correction. However the 
higher the proportional term, the worse the stability of the system is. It is impossible 
to eliminate steady state error by pure P-control, as an error signal is always needed for 
the controller to produce a non-zero output. The integral action of the PID can assist 
in eliminating the offset error by providing an output proportional to the accumulated 
error signal over time. The hydraulic turbine is a non-minimum phase system, which 
means that the initial response is opposite to that of the gate position. This can 
be physically reasoned by the fact that a sudden opening of the gate would cause a 
reduction of the pressure across the penstock. However, due to water inertia the flow 
will not change immediately. As power is the product of flow times pressure, the initial 
power would be reduced. Then the water flow would accelerate with a time constant T 
until the turbine power has reached the steady state level for that gate opening. The 
derivative action of the PID controller mitigates that effect by boosting the short-term 
response to sudden load changes. The overall transfer function of the PID controller is 
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given by Equation 3.2: 
K1 KD < S (3.2) 
C(s)=KP++T x+l 
where: K = proportional gain, 
K1 = integral gain, 
= derivative gain, 
and TD = derivative filter time constant (s). 
An additional error signal derived by the difference between reference and electrical 
power (Prej and Pe  respectively) is added to the input of the PID controller to provide 
correction of the power mismatch. In order to ensure stable operation and load sharing 
among several generating units, a droop characteristic is given to the governor. The 
(steady-state) power droop Rp is of the range of 0.05 pu. This means that a power 
deviation of 5% would bring about a 100% change in gate opening and therefore power 
output. Finally each servo can be efficiently modelled by a first order, limited output 
transfer function as shown in the block diagram of Figure 3.4. The rate of change of 
gate position is also limited. 
3.5 Synchronous Generator Model 
The Synchronous Machine (SM) has been used for over a century in industrial and power 
applications. Many large loads are driven by synchronous motors, and synchronous 
generators are the cornerstone for power generation. The synchronous machine is 
also used as a synchronous condenser, to control network voltage by reactive power 
compensation [38]. Low-speed, salient pole synchronous generators are the most usual 
option for small hydro schemes [40]. Research on SM modelling was carried out 
extensively - during the 20's and 30's, but more work has been done recently [38]. 
This section presents the dynamic SG model that will be used in the simulations 
throughout this thesis. It assumes knowledge of the physical and electrical properties 
of the synchronous machine that can be found in [38,39,41-43]. 
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3.5.1 Electrical Subsystem 




where pp is the number of pole pairs, We = 27Tfe and fe is the network's electrical 
frequency. Due to their low mechanical speed, small hydro schemes utilise SGs with a 
large number of pole pairs in order to achieve an Wm equal to 2 x ir x 50 (or 2 x 7r x 60 
for the US) rad/s. 
The SG has three sets of windings, namely the armature (stator), the excitation or 
field (rotor) and (for salient pole machines) the damper windings. Power is transfered 
through the armature winding, while the excitation uses direct current to produce 
the required magnetic field to induce alternating voltage in the armature. Finally 
the damper windings provide electrical damping to the frequency oscillations. For the 
purpose of generator control, it is more convenient to use the odq model derived by the 
3-phase model using the Park transformation [38,39]. The main advantage of the 0dq 
model is that the fundamental frequency is eliminated and therefore all its components 
are constant and independent of time. In the Odq model, the three components are 
perpendicular to each other. The d axis is aligned with the magnetic flux, rotates with 
the rotor and axis q follows it with a 90° lag. In the dq plane all vector quantities are 
resultants of their respective d and q components according to: 
U = Uj+jUq, (3.4) 
where U can be any vector quantity such as voltage, current, flux etc. The flux linkages 
of the synchronous generator in the per unit system are given by the following set of 
equations: 
TO = L0i0 (3.5) 
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Ld kM1 kMD  Zd 
Tf  kM f L1 LID x (3.6) 
WD LfD LD  iD 
Tq I [ Lq kMQ 
= x (3.7) 
kMQ LQ iQ 
In the above equations L and kM denote self and mutual inductance respectively, 
subscripts o, d, q denote the respective components of the armature, D, Q the respective 
components of the damper windings and finally / denotes the field winding. For 
balanced and symmetrical systems the zero sequence component of current i0 = 0, 
and since the system is assumed such, Equation 3.5 can be omitted. 
The voltage equations of the synchronous generator (also in the 0dq reference frame) 
are the following: 
For the stator: 
V0 = Ra jo - 
Vd = Raid - - WmW q (3.8) 
Vq = Raiq - W q + WmWd 
For the rotor: 
vf = —R f if - J!f 
o = —RDiD - (3.9) 
o = —RQiQ - 
'IIQ 
All quantities in the above equations are in the per unit system. As with the flux 
equations, the top equation of 3.8 can be omitted. The remaining can be rearranged 







'I1 fDQ VfDQ RfDQ lfDQ 0 W f  DQ 
(3.10) 
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where Il is the rotation matrix and is given by:- 
0 0 0 
cl=wmx 0 0 —1 (3.11) 
010 
The instantaneous electrical power P (under balanced operation) in the per unit system 
is equal to the air-gap torque Te  and is given by: 
PVdXid+VqXqTe (3.12) 
Similarly the reactive power in pu is given by: 
Q=vdXiq VqXid (3.13) 
The steady state model of the synchronous generator emerges when the dynamic terms 
of the above equations are removed and the assumption Wm = 1.0 Pu is made. The 
resulting equivalent circuit is depicted in Figure 3.5 below. 
In the terminal voltage/current vector diagram of Figure 3.5 Xd is the synchronous 
reactance of the generator. In the per unit system and neglecting saliency, Xd = Xq = 
Ld = Lq. From that vector diagram, the basic equivalent circuit for the SG can be 
derived, and is shown in Figure 3.6. Voltage Ed in Figure 3.6 is the effective internal 
voltage of the machine which is equal to the excitation voltage due to the field current. 
3.5.2 Mechanical Subsystem. 
The acceleration or deceleration of the machine is proportional to the difference between 
the mechanical torque Tm  from the prime mover (or to the load, if motoring), which in 
this case is the hydraulic turbine, and the electrical torque Te  supplied to (or imported 
from) the grid. This is mathematically expressed by the following equation: 
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 Figure 3.5: Steady state equivalent circuit of the synchronous generator (left) and 
terminal voltage/current vector diagram 
where J is the sum of moments of inertia of the machine and the prime mover in kgm2  
and Wm is the rotational speed of the rotor in rad/s. When a body rotates, its kinetic 
energy is equal to 0.5Jw. Kinetic energy divided by the base apparent power Sbase  
in VA (equal to rated VA of the machine for simplicity) equals the per unit inertia 
constant H, measured in seconds. Thus, Equation 3.14 becomes: 
2HS se  dwm 
= T. T6, (3.15) 
WmO 
where w 0 is the rated rotational speed in rad/s. By setting base torque T5 = 
S 36/ w 0 and then dividing Equation 3.15 by the swing equation for the machine 
Vd 
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Figure 3.6: Basic steady state equivalent circuit of the synchronous generator with 
saliency neglected 
is obtained: 
2H =Tm Te 
dt 
(3.16) 
Typical values for the per unit inertia constant H range from 2 to 4 seconds [38]. 
Equations 3.6, 3.7, 3.10, 3.12, 3.13 and 3.16 constitute the complete dynamic model of 
the synchronous generator that will be used throughout this thesis. 
3.6 Operation and Control of the Synchronous 
Generator 
The main advantage of the synchronous generator is that it has a well-understood, 
wide-range control over its basic quantities, i.e. terminal voltage, real and reactive power 
output. Additionally, real and reactive power controls can be individually controlled, 
allowing easy regulation of its output and power factor. While real power is governed 
by the prime mover, reactive power (and terminal voltage, when not connected on an 
infinite bus) is governed by the DC excitation. The Automatic Voltage Regulator (AVR) 
operates on the exciter according to a pre-defined control objective. This objective 
can be maintenance of constant terminal voltage, constant reactive power or constant 
power factor, depending on the level of connection (transmission or distribition) and 
the applicable regulations or agreements with the network operator. 
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3.6.1 Exciter & Excitation Control 
A number of different technologies have been used for excitation of SGs, ranging 
from DC exciters utilising DC-generators to provide the excitation current, to modern 
digitally controlled solid state active rectifiers [38, 39,41,44]. A basic functional diagram 
of such a system is shown in Figure 3.7. The excitation control acts on the exciter, 
which provides the field current (and hence voltage) for the synchronous generator. 
The feedback loop is closed by the voltage transducer, which measures the terminal 
voltage that is then compared to the setpoint and therefore an error signal is generated. 
The excitation system operation has a great impact on the performance of the overall 
plant, therefore care must be taken to ensure that it is optimally set up and tuned. 
Bad tuning of the AVR may lead to reduced performance, unstable operation and 
possibly damaging of the plant [45]. Excitation systems are often complemented by 
other components such as load compensators, power system stabilisers etc. However, 
their functionality is beyond the scope of this work and therefore will not be discussed 
here. Additional information on them can be found in [38,39,41,44,461. 
VREF I VR 1 I VF I SYNCHRONOUS 
'1EXCITATIONI P.I EXCITER MACHINEAND 
Vc I 
___ 
CONTROL POWER SYSTEM 
I I I I 
VOLTAGE VT 
TRANSDUCER [* 
Figure 3.7: Basic functional diagram of excitation. system of a synchronous machine 
Additionally, the excitation system contains components such as current and voltage 
limiters in order to protect the generator and the exciter. IEEE in [44] has issued a 
recommendation for the modelling of excitation systems. A commonly used AVR / 
static exciter is type-ST1A. The complete ST1A model can be found in the above 
document. A simplified version of it (with load compensation and power system 
stabilisation omitted) will be used here. The block diagram of the simplified ST1A 
model is shown in Figure 3.8. 
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Figure 3.8: Block diagram of the simplified ST1A excitation system model 
Since the dynamics of the (power electronics based) static exciter are significantly faster 
that the rest of the system, it can be assumed that exciter's action is instantaneous and 
hence an exciter block is not included in this model [41]. The main voltage regulator is 
modelled as a first order transfer function with gain KA and time constant TA.  Its input 
is supplied by a Lead-Lag compensator with time constants TB and Tc,  which provides 
forward path transient gain reduction. Alternatively, rate feedback stabilisation may 
be included in the feedback path via the compensator (KF, TF). The feedback loop can 
be disabled (if transient gain reduction is performed in the forward path) by setting 
KF = 0. Sometimes an extra component for transient gain increase is included in the 
forward path (Tei and T 1, with T 1 > TB1). This section can also be disabled if not 
needed, by setting TB, and Tc1  equal to zero. 
The error signal that is used to regulate the generator's voltage emerges by subtracting 
terminal voltage VT from the reference VREF.  Before this happens, the former is 
passed through the transducer/filter (modelled here with the 1st order transfer function 
(KR, TR) that removes noise and scales the signal to the controller's input range. 
The model also makes provision for limitation of the input and output of the excitation 
system. The input limits are represented by [VIMIN, VIMAX] and in many cases 
can be neglected [41]. However, the same document proposes that the output limits 
[VTVRMIN, VTVRMAX] should always be included in the model. The output limits 
are proportional to the terminal voltage because ST1A is a voltage source, controlled 
rectifier bridge system with its excitation power supplied by a transformer connected 
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directly on the generator terminals. If the exciter employs a fully controlled bridge (as 
in most cases), VRMIN  <0. Otherwise the minimum excitation voltage will be equal to 
zero ( VRMIN = 0)- 
3.6.2 Automatic Power Factor Controller 
When the generator operates in Automatic Voltage Control (AVC) mode, the voltage 
reference VREF is set by a potentiometer or is provided (in modern AVRs) as an output 
from a computerised supervisory system. This is the standard mode of operation of 
generators connected to the transmission network. Distributed generators are required 
by the network operators to operate in Automatic Power Factor Control (APFC) mode 
except for very few cases that the DNOs allow AVC operation in order to enable 
generators connected to weak grids to perform voltage support. However, this is 
expected to happen more often in the future when the capacity of DG will increase. This 
has to be evaluated carefully because larger capacity SGs can cause AVC equipment on 
DNO transformers to operate in response. 
Automatic power factor control is most easily applied when network impedance is low 
and when machines can export full capacity without a measurable increase in terminal 
voltage. SGs are usually loaded immediately after synchronising by increasing the speed 
setting in the governor, while simultaneously transferring the AVR from voltage control 
(AVC) for synchronising to power factor control (APFC). Thereafter active and reactive 
power ramp in constant ratio, up to any load limits. One method of implementing 
APFC is to include in the excitation system a separate control module, that operates 
on the voltage setpoint of the AVR to hold the phase angle between generator terminal 
voltage and current constant. A possible configuration for such a system is shown in 
Figure 3.9. Terminal voltage VT and current IT are measured and the instantaneous 
real and imaginary powers are calculated using Equations 3.12 and 3.13 respectively. 
From these values the tangent of the voltage-current angle is calculated (tan() = Q/P) 
and used as an indicator for the actual power factor. Use of tangent instead of cosine 
ensures that the input term is always single-valued over the range of control. This value 
is compared to a reference and the resulting error signal is fed to a PID compensator 
14 
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Figure 3.9: Automatic power factor controller block diagram 
identical to the one discussed in Section 3.4, described by Equation 3.2. The PID 
compensator then provides the reference voltage for the AVR of Figure 3.8. 
3.7 Voltage Regulation Using Transformers with 
On-Line Tap Changers 
As already mentioned, distributed generation did not contribute to voltage regulation 
until recently. This was mainly performed by transformers with automated tap 
changing mechanisms installed at the bulk supply points. However, with the increase 
of distributed generation, transformers with On-Line Tap Changers (OLTCs) are 
increasingly being used at the points of DG connection in order to mitigate the increased 
voltage fluctuation due to the existence of the generator [47-52]. The OLTC mechanism 
acts on the taps on the primary winding of the transformer. The most common mode of 
operation is Automatic Voltage Control (AVC), where the OLTC regulates the voltage 
on the secondary winding through a voltage feedback signal. Therefore voltage at the 
DG busbar remains within the limits set in the OLTC control system. Figure 3.10 
illustrates the working of such an OLTC mechanism. 
A typical OLTC mechanism operates as follows [53]: First, the terminal voltage V on 
the secondary winding is measured. The measured voltage is then compared to the 
preset thresholds for tap action Vmjn and V. A command to raise (lower) the tap 
position is issued if V is higher (lower) than Vmax (Vmin), and if a time longer than 
the delay setting td has passed since the last tap change, and the tap changer has not 
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already reached its highest position. The time delay is used as a means to avoid hunting 
and rapid tap changes that may destabilise the system and cause quick wear-out of the 
tap contacts. 
Figure 3.10: Flow chart of the operation of an On-Line Tap Changing mechanism 
There are also cases where the transformer is located at another point in the network 
(usually upstream in the radial feeder) and controls the DG bus voltage by Line 
Drop/Rise Compensation (LDRC). This is achieved by including a circuit that emulates 
the impedance of the feeder, and by injecting samples of the measured voltage and 
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current, the voltage drop (or rise) across the feeder can be "virtually" measured. Then 
this voltage drop is used as a control signal to the OLTC [54]. The flow chart for the 
LDRC mode is the same with the one shown in Figure 3.10, with the only difference 
that measured V is the product of the emulating circuit. The operation of the OLTC 
mechanism is stepwise. At each tap change, a positive or negative voltage step Vtp 
occurs. In addition, in order to avoid hunting and wear-out of the tap contacts, time 
delay circuits and voltage deadbands are included in the control system. However, these 
discontinuities degrade the quality of the controlled voltage by slowing down its response 
(time delay Td)  and reducing its sensitivity (deadband Vmax - Vmin). In addition, when 
operating in LDRC mode, the tolerance of the emulating circuit can also worsen the 
performance of the OLTC [54]. Table 3.3 shows a set of typical OLTC parameters [55]. 
The OLTC process described in Figure 3.10 was modelled in Matlab using the 
parameters of Table 3.3. The Simulink block diagram of the OLTC mechanism can 
be seen in Figure 3.11. In the developed model, the emulating circuit of the LDRC 
subsystem is assumed ideal. This simplifies the model as the voltage reading can be 
taken directly from the controlled bus, thus eliminating the need for inclusion of the 
emulating circuit in the model. However, in reality the emulating circuit is not 100% 
precise and therefore errors are introduced to the estimations of voltages at remote 
buses. Consequently, this decreases the accuracy of the control mechanism. 
Parameter Value Description 
tapmax 7 max. no. of taps above nominal position 
tapmjn -7 max. no. of taps below nominal position 
Vstep 0.0125pu voltage step per tap change 
Vd. 0.0125pu high side of voltage deadband 
Vdmin 0.0125pu low side of voltage deadband 
td 60s time delay between tap changes 
Table 3.3: A typical set of parameters for an OLTC mechanism 
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Figure 3.11: Simulink block diagram of the OLTC mechanism 
3.8 The Synchronous Generator in a Distribution 
Network and its Operational Limitations 
The limiting factors of the operation of a synchronous generator when connected to 
the distribution network can be divided in two categories: power plant protection 
and seamless operation of the distribution network. The former are related to the 
characteristics of the power plant itself, while the latter are imposed by the DNO in 
order to ensure security and quality of supply. The common way to display the power 
plant limitations, specifically the P, Q and V limits, is by using the capability diagram 
of the synchronous generator. A typical capability diagram is shown in Figure 3.12. 
Detailed information on the construction of the capability diagram can be found in 
most power system analysis textbooks, such as [38,39,42]. The operational limits of 
the synchronous generator are drawn in the capability diagram as follows: 
• Stator heating limit: Defines the maximum apparent power output (MVA) of 
the generator and is represented by the concentral circles with centre at 0 and 
radius S. 
• Prime mover limit: Defines the maximum real power output of the generator 
and is represented by the horizontal lines. 
At 
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Figure 3.12: Capability diagram of the synchronous generator 
• Excitation limit: Is defined by the maximum excitation voltage. Its locus is a 
circle with centre at -  vT and radius EdvT  
• Stability limit: Defines the minimum excitation, beyond which the generator is 
at risk of losing stability. It is a function of excitation current and its construction 
is discussed in [42]. 
For a given set of S, VT and PMAX,  the capability diagram of a generator with 
synchronous reactance Xd can be constructed, by connecting the pre-mentioned sections 
of the curve. The resulting curve ABCDE in Figure 3.12 is the capability diagram. It 
should be noted that for the construction of the capability diagram as discussed above, 
it is assumed that the generator is connected directly to the infinite grid and any change 
in real or imaginary power output is not reflected on the terminal voltage. Of course, 
as already discussed, this is not the case in the distribution network, where terminal 
voltage VT may vary widely with power changes, depending on the network impedance 
at the point of connection [56]. The capability diagram as constructed above can not be 
used other than when V = 1.0pu. The result of this fact is that the capability diagram 
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of a DG cannot be represented in the two-dimensional P-Q plane as in Figure 3.12, and 
a third dimension to accommodate voltage changes is needed. Figure 3.13 shows the 
resulting 3D capability diagram for a synchronous generator in the distribution system 
combined with the voltage surface for varying P and Q (note the change of direction of 
the Q axis compared to Figure 3.12). The generator convention is used, i.e. power is 
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Figure 3.13: Combined voltage surface and 3-dimensional capability diagram for a 
synchronous generator 
In this figure, the radius of the excitation limit (left side of the diagram) is scaled 
in proportion to VT and therefore the "static" capability curve at each voltage level 
is different. The actual operational area of the DG in this case is the (non-planar) 
section of the voltage surface that is encompassed by the 3D capability diagram. An 
important aspect of the capability diagram is that in a real system it is "dynamic", i.e. 
it changes in time according to demand fluctuations and network reconfiguration. For 
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of a DG cannot be represented in the two-dimensional P-Q plane as in Figure 3.12, and 
a third dimension to accommodate voltage changes is needed. Figure 3.13 shows the 
resulting 3D capability diagram for a synchronous generator in the distribution system 
combined with the voltage surface for varying P and Q (note the change of direction of 
the Q axis compared to Figure 3.12). The generator convention is used, i.e. power is 
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Figure 3.13: Combined voltage surface and 3-dimensional capability diagram for a 
synchronous generator 
In this figure, the radius of the excitation limit (left side of the diagram) is scaled 
in proportion to VT and therefore the "static" capability curve at each voltage level 
is different. The actual operational area of the DG in this case is the (non-planar) 
section of the voltage surface that is encompassed by the 3D capability diagram. An 
important aspect of the capability diagram is that in a real system it is "dynamic", i.e. 
it changes in time according to demand fluctuations and network reconfiguration. For 
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example, a decrease of demand would result in a voltage surface higher on the V-axis 
(and vice-versa), and disconnection of a feeder would bring about an increase of the 
voltage surface slope in both P and Q directions. Since the 3D capability diagram is 
machine-specific and therefore constant, a change of the voltage surface would alter the 
operational area of the generator. This change may move the operating point of the 
generator closer to (or farther from) its operational limits. This is further discussed in 
Chapter 5. 
3.9 Power System Modelling 
The task of the power network model is to calculate the power flows across the network 
as well as the associated voltage changes. Mathematically, the power network is 
described by a set of algebraic equations. For a network with p nodes, Equation 3.17 is 
the nodal equation: 
(3.17) 
where: 1= [I 
1 
2 IpiT current injections at nodes 1 to p, 
V = [Vi V2 •.. V] voltages at nodes 1 to p, 
and Y nodal admittance matrix. 
The nodal admittance matrix is equal to: 
Yii Yi2 Yi3 ... Yip 
= ;1 1'2 
, (3.18) 
where 17ii is the self admittance of node i, equal to the sum of all admittances ending 
at node i, and 1j is the mutual admittance between nodes i and j and is equal to the 
negative of the branch series admittance between i and j. 
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example, a decrease of demand would result in a voltage surface higher on the V-axis 
(and vice-versa), and disconnection of a feeder would bring about an increase of the 
voltage surface slope in both P and Q directions. Since the 3D capability diagram is 
machine-specific and therefore constant, a change of the voltage surface would alter the 
operational area of the generator. This change may move the operating point of the 
generator closer to (or farther from) its operational limits. This is further discussed in 
Chapter 5. 
3.9 Power System Modelling 
The task of the power network model is to calculate the power flows across the network 
as well as the associated voltage changes. Mathematically, the power network is 
described by a set of algebraic equations. For a network with p nodes, Equation 3.17 is 
the modal equation: 
Jr x V (3.17) 
where: I = [Ii 12 
11T current injections at nodes 1 to p, 
V = [V V2 Vp
lTvoltages  at nodes 1 to p, 
and Y nodal admittance matrix. 
The nodal admittance matrix is equal to: 




where 17ii is the self admittance of node i, equal to the sum of all admittances ending 
at node i, and 37ij is the mutual admittance between nodes ,i and j and is equal to the 
negative of the branch series admittance between i and J. 
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where P, Qi are the real and imaginary power injections at node i respectively. 
Using powers instead of currents implies that the nodal equation cannot be solved 
algebraically, as, by substituting I from Equation 3.19 into 3.17, V appears on both 
sides of the equation in a non-linear fashion. Therefore an iterative algorithm has to 
be utilised for the solution, such as Newton-Raphson or Gauss-Seidel [19,39]. 
Equations 3.17 and 3.19 are in the network reference frame (a,b) where the voltage of the 
infinite bus is assumed at an angle of zero degrees; however, the synchronous generator 
model described earlier is in the generator (d,q) reference frame. In order to be able 
to connect the generator model to any node of the network (where the voltage angle is 
arbitrary), the two systems must be aligned. This is performed by the transformation 
matrix as shown in Equation 3.20. The d-axis of the generator is shifted with respect to 
the network real axis a by the rotor angle 5. The terminal voltage can be transformed 
by: 
I V I I - sin S cos 5 I 
I 
VP 
L Vb] = L 
cos S sin 5] 
X 
L 
Vq  j 
(3.20) 
The rotor angle 5 in radians is given by Equation 3.21: 
S = I P, - wm)dt, (3.21) 
where w3 and Wm are the synchronous (network) angular speed and mechanical speed of 
rotation, both in radians, and W8 - = 0 for t = Os. Since the transformation matrix 
is unitary, the inverse transformation (from ab to dq) can be performed using the same 
matrix. 
In the dynamic simulations throughout this work, energy sources are considered as 
current injections (as a function of generated power). Additionally, loads are assumed 
to be either constant or varying, but in both cases with no dynamic terms, and are 
modelled as power injections converted to currents by means of 3.19. A procedure for 
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When power injections are given, they can be converted to currents by: 
I. = = 
- _Ai. I (3.19) 
where P1, Qi  are the real and imaginary power injections at node i respectively. 
Using powers instead of currents implies that the nodal equation cannot be solved 
algebraically, as, by substituting I from Equation 3.19 into 3.17, V appears on both 
sides of the equation in a non-linear fashion. Therefore an iterative algorithm has to 
be utilised for the solution, such as Newton-Raphson or Gauss-Seidel [19,39]. 
Equations 3.17 and 3.19 are in the network reference frame (a,b) where the voltage of the 
infinite bus is assumed at an angle of zero degrees; however, the synchronous generator 
model described earlier is in the generator (d,q) reference frame. In order to be able 
to connect the generator model to any node of the network (where the voltage angle is 
arbitrary), the two systems must be aligned. This is performed by the transformation 
matrix as shown in Equation 3.20. The d-axis of the generator is shifted with respect to 
the network real axis a by the rotor angle a. The terminal voltage can be transformed 
by: 
Va I —sin cos I v I 
=1 x I (3.20) 
Vb L cos sin L Vq  ] 
The rotor angle 5 in radians is given by Equation 3.21: 
a = J(w, - m)dt, (3.21) 
where w and Wm are the synchronous (network) angular speed and mechanical speed of 
rotation, both in radians, and w8 - Wm = 0 for t = Os. Since the transformation matrix 
is unitary, the inverse transformation (from ab to dq) can be performed using the same 
matrix. 
In the dynamic simulations throughout this work, energy sources are considered as 
current injections (as a function of generated power). Additionally, loads are assumed 
to be either constant or varying, but in both cases with no dynamic terms, and are 
modelled as power injections converted to currents by means of 3.19. A procedure for 
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solving the power flow in a distribution network is presented in [29]. This procedure 
has been implemented in Matlab and is used in all the simulations. The program 
receives as inputs the voltage of the infinite bus and the current injections at all nodes, 
and produces the node voltages. The source code of the program can be found in 
Appendix B. For the steady state simulations, a standard Matlab power flow program 
from [19] has been used, modified to include variable loads and On-Line Tap Changers 
(OLTCs) on the transformers. The modified code can also be found in Appendix B. 
3.10 Simulation of the Developed SHG Model 
A model of a small hydro scheme with a synchronous generator as described in this 
chapter has been built in Simulink. The block diagrams of the components of the 
model can be found in Appendix A. The model uses the Matlab code for the network 
solution that was presented in the previous section to solve the power flow. The top 
level diagram of the small hydro scheme block is shown in Figure 3.21. The modelled 
generator is a 12.5MVA, 10MW salient pole synchronous machine. The turbine is rated 
at 10.3MW output to account for the electrical losses. The generator and excitation 
system parameters of the plant were taken from [57]. The generator is connected to the 
infinite grid at 11kV through a feeder with RL = 0.5pu and XL = 0.4ptt on a 100MVA 
base. Two tests of the developed model were performed; loading up the generator 
(post synchronisation) in APFC mode, and the response of the excitation system to a 
step change of the local load in AVC mode. Figure 3.14(a) below shows the process of 
loading up the generator. 
On the generator bus, a 5MW, 0.9 lagging power factor load is connected. After 
synchronising, the power setpoint on the governor was increased linearly from zero 
to 1.0 per unit turbine output in 60 seconds, with the generator operating in automatic 
power factor control mode. The electrical power output of the generator shown in the 
top diagram of Figure 3.14(a) followed that increase. The increase stopped when the 
limit of the gate opening was reached. At that point the real power output of the 
generator was 0.8pu, or 10MW, which is the rating of the machine. At the same time 
Modelling of Hydro Generation within the Distribution Network 
solving the power flow in a distribution network is presented in [29]. This procedure 
has been implemented in Matlab and is used in all the simulations. The program 
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Figure 3.14: Synchronous generator loading up in APFC (a) and response to a load 
step change in AVC mode (b) 
the reactive power generated by the machine also increased in proportion so that the 
power factor remained constant at 0.9 lagging. The result of the simultaneous increase 
Of PGEN and QGEN  was an increase of the terminal voltage to just above 1.06 pu. In a 
real situation the generator would not be allowed to reach that voltage level and would 
either have to constrain its output, or disconnect. 
Figure 3.14(b) shows the response of the generator to a step change of the local load, 
with the AVR operating in automatic voltage control mode. The voltage reference was 
set at 1.03pu. At t = 10 seconds the local load was reduced stepwise from 10MW 
(0.9 PF) to 5MW. The top diagram of Figure 3.14(b) shows the reduction of reactive 
power from 0.45 pu (lagging) to -0.26pu (leading). By importing reactive power from 
the network, the bus voltage was maintained at 1.03pu. However the voltage spike 
once again violated the 1.06 pu statutory limit. Engineering Recommendation G59/1 
[26] allows transient overvoltages with duration of less than 0.5s before the generator is 
disconnected. 
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Figure 3.14: Synchronous generator loading up in APFC (a) and response to a load 
step change in AVG mode (b) 
the reactive power generated by the machine also increased in proportion so that the 
power factor remained constant at 0.9 lagging. The result of the simultaneous increase 
Of PGEN and QGEN  was an increase of the terminal voltage to just above 1.06 pu. In a 
real situation the generator would not be allowed to reach that voltage level and would 
either have to constrain its output, or disconnect. 
Figure 3.14(b) shows the response of the generator to a step change of the local load, 
with the AVR operating in automatic voltage control mode. The voltage reference was 
set at 1.03pu. At t = 10 seconds the local load was reduced stepwise from 10MW 
(0.9 PF) to 5MW. The top diagram of Figure 3.14(b) shows the reduction of reactive 
power from 0.45 pu (lagging) to -0.26pu (leading). By importing reactive power from 
the network, the bus voltage was maintained at 1.03pu. However the voltage spike 
once again violated the 1.06 pu statutory limit. Engineering Recommendation G59/1 
[26] allows transient overvoltages with duration of less than 0.5s before the generator is 
disconnected. 
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3.11 Simulation of the OLTC in a Network with 
Varying Loads 
The following simulations illustrates the operation of a transformer equipped with an 
On-Line Tap Changer in a radial system with a distributed generator and a varying 
load. The line diagram of the system is shown in Figure 3.15. 
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Figure 3.15: The simulated 4-bus system with the OLTC 
In the first simulation the transformer was assumed to be directly connected on the DG 
bus and the OLTC operated in AVC mode. This was achieved by setting R2 and X2 
equal to zero (so that V4  =). In the second simulation R2 and X2 were given non-zero 
values and the OLTC operated in LDRC mode. In both simulations the OLTC settings 
were the ones presented in Table 3.3 with a target voltage of l.Opu. The profile of the 
load on the DG bus is shown in Figure 3.16 in per unit. It has been constructed using 
a 80% domestic and 20% industrial profile with data taken from [58]. Such a profile is 
typically found in rural areas. The system data for the simulation of the OLTC in AVC 
and in LDRC mode are shown collectively in Table 3.4. 
3.11.1 Simulating the OLTC in AVC Mode 
The system data for the simulation of the OLTC in AVC mode are shown in Table 3.4. 
Figure 3.17 shows the tap changer action throughout the simulated period. It is shown 
that at low demand periods, the tap changer raises the tap position, thereby reducing 
the transformer ratio and hence lowering the secondary winding voltage. Inverse action 
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Figure 3.16: 2-hour varying load used in OLTC simulations 
takes place during high demand. The resulting voltage profile is represented by the red 
trace in Figure 3.18. 
3.11.2 Simulating the OLTC in LDRC Mode 
For the second simulation the impedance of the lines has been altered as shown in 
the third column of Table 3.4. There is now an impedance between the transformer's 
secondary and the DG bus. However The OLTC is still set to regulate V4, thus operating 
in LDRC mode. The tap changer position is shown in Figure 3.19 and the voltages at 
buses 2, 3 and 4 in Figure 3.20. It can be observed that .V4 is still well regulated, 
however voltage V3  (at the transformer's secondary terminals) is fluctuating widely to 
account for the voltage drop or rise across R2 +jX2. Nevertheless this is not a problem, 
as node 3 is a "virtual bus", i.e. it does not have any loads or generators connected. 
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V1 (slack) 1.015pu 
R1  0.125pu 0.030pu 
X1  O.lOOpu 0.020pu 
RT 0.003pu 
XT 0.050pu  
R2 0.000pu 0.060pu 
X2 0.000pu 0.040pu 
Load 
PLmax 8MW 
PF 0.9 lagging 
Generator 
Pc 6MW 
PF 0.95 lagging 
Table 3.4: Parameters for the simulation of the OLTC operating in AVG and LDRG 
mode 
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Figure 3.18: Transformer primary and load bus voltage for the 24-hour simulation 
(AVG) 
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Figure 3.17: OLTC tap position for the 24-hour simulation (AVC) 
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Figure 3.20: Transformer primary and load bus voltage for the 24-hour simulation 
(LDRC) 
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Figure 3.19: OLTC tap position for the 24-hour simulation (LDRC) 
3.12 Summary 
In this chapter the methodology for modelling 'a distributed generator within a 
distribution network was presented. A complete source-to-network model of a small 
hydro scheme has been constructed. The model is modular and therefore allows 
easy replacement of any of its components for further studies, e.g. control system 
development, or investigation of alternative means of power generation. The various 
components were represented using standard models found in the literature in order to 
allow comparison of the simulation results with related work. Automatic power factor 
mode and automatic voltage control mode, the two usual methods of operation of a 
synchronous generator were then presented. In addition, Automatic Voltage Control 
and Line Drop/Rise Compensation, two types of voltage control using transformers 
with On-Line Tap Changers were illustrated. The operation of the OLTC was 
assumed to be ideal. Further work could include consideration of the inaccuracies 
of the emulating circuit for the Line Drop Compensator. The operational aspects of 
utilisation of synchronous generators in distribution networks were also discussed, 
with particular interest on the determination of their range of allowed operation as 
defined by the machine characteristics and the DNO requirements. This was achieved 
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by representing the capability diagram of the synchronous generator as a 3D locus and 
combining it with the voltage surface on the P - Q plane. This is a very useful tool 
for visualising and understanding how a synchronous machine based power plant will 
behave in a weak network. Finally the working of the developed small hydro scheme 
model was shown by simulating two characteristic events, namely generator loading 
and sudden loss of load, as well as operation of the OLTC in a network with a varying 
load. In the following chapter a similar procedure is followed to model and investigate 
the operation of a variable speed wind turbine including a Doubly Fed Induction 
Generator. 
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Figure 3.21: Top-level block diagram of the Simulink small hydro scheme model 
Chapter 4 
Modelling of Wind Energy 
Conversion Systems 
4.1 Introduction 
In this chapter the current technology and modelling of wind energy conversion systems 
is presented. In particular, a detailed model of wind speed is presented and then the 
model of a variable speed wind turbine with its drive train is shown. The various 
configurations available for a wind energy conversion system are then discussed, and 
the chapter ends with an analysis of the dynamic model of the doubly-fed induction 
generator. 
4.2 Wind Energy Conversion System Modelling 
There are a number of different designs of wind turbines (WTs) and selection is based 
upon their size and use. Hence wind turbines can be categorised as follows: 
large (MW range) or small (kW range); 
• grid connected or isolated; 
• onshore, nearshore or offshore. 
The design of the mechanical part of the (grid connected) large onshore WECSs, which 
was studied in this work, follows invariably the 3-bladed, horizontal axis turbine model 
although some different old and experimental setups exist. A 3-D representation 
of the nacelle and rotor of a 3-bladed, horizontal axis wind turbine is depicted in 
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- Figure 4.1. The most common design-for the electrical part features a standard squirrel - 
cage induction generator (SCIG) but due to its versatility, the doubly fed induction 
generator (DFIG) is nowadays being increasingly utilised. A third alternative is the 
Synchronous Generator (SG), either direct-drive or with a gearbox, and there are several 
implementations of WECS using SGs by various manufacturers. 
Figure 4.1: Diagram of a 3-blade, horizontal axis wind turbine, image courtesy of 
Vestcis 
Depending on the generator type the WT can be constant or variable speed. In a 
typical SCIG based WECS the slip, and hence the speed can vary typically only from 
102% to 106% from nominal 104%; therefore the turbine operates nearly at constant 
speed., DFIG and SG based wind turbines can operate in a much wider range of 
speeds (typically up to ±30% of nominal) by decoupling the rotor mechanical speed and 
the network frequency through use of power electronic converters. Full variable speed 
operation of an SCIG can also be achieved by installing a power electronic converter 
between the generator and the network. A WT benefits from operating over a wide 
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range of speeds by the reduction of mechanical stresses on the blades and the WT 
body during wind gusts, as the extra wind energy is converted to increased (rotational) 
kinetic energy. Furthermore, this momentary storage of energy increases the efficiency 
of the WT and improves the quality of the electricity supplied by smoothing out the 
fluctuations of generated power [59,60]. A disadvantage of variable speed operation is 
the need for a Power Electronic Converter (PEC) that decouples the network electrical 
frequency from the varying rotational speed of the WT. Use of PECs increases the 
overall cost of the WECS and can introduce harmonics [61]. 
The most common method of control of power flow within a constant speed WT is 
stall control, which is passive; as it constrains the rotor's rotational speed to its rated 
value by proper aerodynamic design of the blades. The design of the blades in a 
stall-controlled WT intrinsically regulates the power production. The blades have fixed 
pitch and operate near or at the optimal tip speed ratio at low wind speeds. The 
aerodynamics of the blades are such that with the increase of wind speed, the stall 
effect occurs on an increasingly larger part of the blade, thus reducing blade efficiency 
and therefore limiting output power. A stall regulated WT coupled to an SCIG is the 
so-called 'Danish' model and is the most common WT type installed today. 
Variable speed WTs mainly use pitch control to actively regulate the rotational speed 
by altering the pitch angle of the blades (or parts of them). Below rated power such 
WTs operate at a fixed (optimal) pitch with a variable rotational speed in order to 
maintain an optimal tip speed ratio and therefore maximise efficiency and output power.. 
When rated power is reached, pitch control is used to keep rotor speed within safe 
operation limits. While wind speed fluctuates, power output can be maintained almost 
constant by allowing the rotor to accelerate (thus storing energy) or to decelerate (.thus 
supplying energy) [62]. Despite the associated cost rise, pitch control is attractive as 
it increases significantly the turbine efficiency [63]. Petersen in his 2000 work for the 
Danish Energy Agency showed that a pitch-regulated WT will yield 2.5% more energy 
than a dual-speed stall-regulated WT operating under the same conditions [64], and 
the increase in production will be even higher when compared to single-speed WTs. 
Figure 4.1 shows the diagram of an active pitch regulated WT made by Vestas, where 
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Figure 4.2: Functional diagram and power transfer in a Wind Energy Conversion 
System 
the pitch control mechanism is located in the hub. 
On the electrical side both real and reactive power may be controlled by appropriate 
action on a power electronic converter. Figure 4.2 shows the functional diagram of 
a WECS. Functionally, a WECS can be divided into four parts; rotor, drive train, 
generator and control system. 
The wind turbine rotor consists of the blades and the hub, and is regarded as the most 
crucial element of the whole WECS because the overall efficiency of the WT is largely 
dependent on the aerodynamic design of the blades. Further, due to their size, their 
weight is an important factor from the, design and cost standpoints [65]. The rotor 
diameter has increased from 12 in in late 1970's for a 50 kW turbine, to 120 in for the 
latest 4.5 MW turbines. Consequently, tower height has also increased from 25 m to 
100 in [66]. 
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4.2.1 Wind Modelling 
The power in watts of a wind stream passing through an area A can be calculated from 
the following equation: 
Pwind = x p x A X Vj fld, (4.1) 
where p is the air density in kg/m3 and Vwjnd is the instantaneous wind speed in m/s. 
Air density varies with the location and with time and it is approximately 1.26kg/rn3  
at 20°C in a standard atmosphere. For wind turbines, A is the swept area of the blades 
and equals it x ()2  rn2, where D is the diameter of the rotor in metres. It is therefore 
obvious that the wind power varies in proportion to the square of the WT diameter 
and the cube of the wind speed. However, Betz's law [67] proves that the theoretical 
maximum power that can be extracted from wind equals 16/27 x Thrbulent and 
non-homogeneous air flow, as well as friction losses typically reduce extracted power to 
about 0.5 of the power contained in the wind. 
The variability of wind speed can be efficiently represented with a probability density 
function with a Weibull distribution according to the following equation [65]: 
fk) 
vwind )k-1  x 
k 
p(Vw jnd) = I - x e 
—' iL 11
I , (4.2) ( 
where k is the shape factor and c is the scale factor, both location-dependent parameters. 
These parameters can be calculated from the mean wind speed ;v- (m/s) and the standard 




= < 0.568+ 
k 
0.433 )_ 1 
(4.4) 
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For onshore sites, a typical pair of o and J is 3.715 and 8 m/s, which gives k = 2.3 
and c = 9.033. Figure 4.3 shows the probability density function for a wind speed time 
series with these characteristics. 
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Figure 4.3: Probability density function for a wind speed time series with k=2.3 and 
c=9.033. 
Wind speed can also be modelled as the Fourier series of a periodic signal. In this case, 
wind speed is given by: 
00 
Vfld(t) = a0 + E amcos(27rmLft + cbm), (4.5) 
M=1 
where: ao is the mean wind velocity in m/s, 
if is the frequency interval in Hz, 
m is the index of the frequency component, and 
Om is the initial uniform random phase of the Mth  frequency component, 
which varies from 0 to 27r. 
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Transitions between largely different wind speeds (i.e. wind gusts) are less likely to occur 
than smoother changes. For a given measured wind speed time series this tendency is 
described by the autocorrelation function: 
N8 -r 
1 
R(rLt) = x > (Ui x Ui+r), (4.6) a (N3 - r) j=1 
where: r is the lag number, 
/t is the sample period and 
N3 is the number of samples in the data series. 
The autocorrelation function will start from 1.0 for r = 0 and will eventually decay to 
zero for an r > 0. The integral of R(rAt) over that period is called the integral time 
scale of turbulence and is a measure of the average time that the data are considered 
correlated over time. Typical values are below 10 seconds, but longer periods are 
possible too. 
The frequency spectrum S(f) is taken from [65] and is given by: 
S(f) 
= 2 5/6' 
[1+ 70.8 (fL/u)] 
4o., (L/ii) 
(4.7) 
where L is the integral length scale, which can be found by multiplying the mean wind 
speed with the integral time scale that throughout this thesis is set to be equal to lOs 
[65]. 
From this, the Fourier parameter am can be derived as: 
am = /S(MAY) x If (4.8) 
The wind speed time series used in this thesis was generated as follows. A 30 minute 
average of the wind speed over 24 hours is first generated. Then, for each half-hour 
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interval a time series is generated using equations 4.5 to .4.8. This results to a wind 
speed time series with a Weibull probability density function with the parameters shown 
in 4.3. This simulation represents a windy "day" at a location of a fairly flat grass field, 
a typical case of the Scottish landscape. In order to avoid periodicity of the generated 
signal the period interval AT = 1/i.f has to be longer than the duration of the signal, 
which in this case is 1800s. Therefore it is set that AT = 2000s and Lf = 5 x 10-4  Hz. 
In order to include frequencies up to 1Hz, the frequency index m in Equation 4.5 is 
constrained to a maximum of 2000. The same procedure is repeated for all the 30 
minute intervals of the 24 hours. Due to the large number of frequency components 
this can be a time consuming procedure if sufficient computing power is not available. 
For the purposes of this work, a wind speed time series for 24 hours, sampled at 1 Hz, 
was generated using the described method. Figure 4.4 shows a wind speed time series 
obtained by the this procedure (blue trace) together with the 30 minute average wind 
speed (red trace) for a period of 24 hours. 
24-hour wind speed time series 











- instantaneous wind speed 
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Figure 4.4: Wind speed time series sampled at 1 Hz (blue) and 30 mm. average (red) 
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A 3-minute zoom (from 02:45 to 02:48) of the same time series is depicted in Figure 4.5. 
The mean wind speed of this period was 10m/s. On this particular "day", the average 
wind speed is mostly flat at about 9m/s, with two more "windy" periods at around 
02.00 and 21.00 hours with maximum average speeds of about 11.6m/s. 
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Figure 4.5: A 3-minute zoom of the wind speed time series 
An alternative method to eliminate periodicity without the need for a high Lf is 
described in [68]. In this approach, a small, uniformly distributed random phase is 
added in Equation 4.5, in order to convert the stationary process to a quasi-stationary 
process. 
Another wind speed model that takes into account the autocorrelation property of the 
wind speed can be obtained by using discrete Markov process theory [69]. The wind 
spectrum is divided into smaller regimes and the transition from one regime to another 
is governed by a Stochastic Transition Probability Matrix (STPM) which is constructed 
by processing measured wind speed time series or obtained by a Weibull PDF. Once 
again the STPM is site-specific and prone to periodic changes. 
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4.2.2 Dynamic Model of a Variable Pitch Wind Turbine 
Complete aerodynamic modelling of a wind turbine leads to a set of high-order nonlinear 
equations. However, the scope of this thesis does not include the dynamics of the blades 
and therefore it allows significant simplifications of the wind turbine dynamics, as they 
do not impose a notable effect on the steady state operation of the WECS. Akhmatov et 
al. in [70,71] propose that the wind turbine operation can be modelled as the Laplace 
transform of a 1st order differential equation. This is caused by a phenomenon known 
as spatial filtering. The total torque of the rotor is the sum of the torques of each blade 
element. However, wind speeds at all points of the rotor disk are not equal, therefore the 
applied torque to each blade element is not uniform. Hence the total torque variance is 
less than the variance of torque for each blade because turbulence factors of the blades 
partially cancel each other. The incident wind speeds of two points are correlated but 
this correlation is reduced with increasing distance from one another. Therefore on 
large wind turbines, the large swept area brings about an averaging of the wind speed, 
thus acting as a low pass filter of the form: 
G(s) = K 
1+s71 
x (4.9) 
1 + sT 2  
The gain Kw and the time constants T1 and T2 are depended on the wind turbine 
design. Their approximation is based on emperical data and is based on the fact that 
a larger turbine will filter more effectively the wind turbulence. A medium size WT 
with an induction generator will have Kw = 1, T1 = 3.3 s and T 2 = 0.9 s. A similar 
approximation is also discussed in [72]. 
As mentioned in the previous section, a wind turbine rarely achieves conversion of more 
than 50% of the available power in the wind. The power coefficient c of a variable 
speed WT varies with the blade pitch angle a (degrees) and the tip speed ratio )., i.e. 
the ratio of the tangential velocity of the blade tip and the wind speed component that 
is prependicular to the rotor disk. Therefore the converted mechanical power of the 
WT becomes: 
P. = c(A,a)P = (4.10) 
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From Equation 4.10 the definition of the power coefficient c, can be derived as the ratio 
of extracted over available power: 
Pm (4.11) 
.L w 
The power coefficient has a non-linear relationship with blade pitch angle a and tip 
speed ratio A. There are a number of methods followed to model this relationship, such 
as Look-Up Tables, splines, and linearisation using Taylor series. Another approach is to 
develop a numerical approximation of c(A, a) curves generated from measurements on 
real turbines [73, 74]. This is the method that was followed here, using the numerical 
example presented in [74]. According to this, c,?(A,  a) can be calculated using the 
following two equations: 
c(A, a) = c1  (c2 - c3a - C4aX - c5) e 6*,O) (4.12) 
and 
1 1 0.003 
Aj A_0.02a + a3 + 1 
(4.13) 
The values of c parameters are selected as below [73]: 
c1 = 0.73 c2 = 116/Ai c3 = 0.4 
C4 = 0.0 C5 = 5/A1 c6 = 12.5/A1  
A series of c,,(A,  a) curves versus A for some values of a is depicted in Figure 4.6 below. 
It is shown that power coefficient rises with decreasing pitch angle a. It is also notable 
that the optimum tip speed ratio is different for every blade pitch angle a. 
The power output versus rotor speed of a 2 MW wind turbine with the above 
characteristics and a rotor diameter of 75 metres is shown in Figure 4.7 for various 
wind speeds. This graph was generated by combining Equations 4.10, 4.12 and 4.13. 
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Figure 4.6: Power coefficient versus tip speed ratio for various values of blade pitch 
angle. Regenerated after Slootweg et al., 5001 
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Figure 4.7: Power capture versus rotor speed for various wind speeds 
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The equation of motion of the wind turbine can be derived in the same manner as in 
the case of the small hydro generator that was presented in the previous chapter. In 
per unit terms it is given by: 
2H = T. Te, (4.14) 
dt 
where H is the inertia constant in seconds, Wm  is the per unit mechanical angular 
velocity, Tm and Te  are the mechanical and electrical torques, respectively, in per unit. 
This model assumes no interaction between the drive train and tower dynamics and 
no periodic phenomena such as gravitational forces on the blades or shadowing of the 
tower. 
4.2.3 Electric Generators for WECSs 
The most common turbine-generator configurations are shown in Figure 4.8. The 
first one (a) is the typical "Danish" concept, which consists of a constant speed, stall 
regulated induction generator directly connected to the network. This is the cheapest 
and most robust solution and the vast majority of the installed WECSs follow this 
scheme. Its major disadvantage is the complete lack of active control of the generator. 
Diagram (b) shows the variable speed version of the "Danish" concept. 
In the variable speed configuration the induction generator is connected to the network 
through a power electronic converter, which decouples the rotor's speed from the 
network frequency, allowing the WT to vary its rotational speed. This way the energy 
yield is higher as the turbine can be controlled to operate always at its highest efficiency 
(tip speed ratio). Additionally, the power surge during wind gusts is less severe, as the 
rotor is allowed to accelerate (or decelerate) thus acting as a short-term buffer. The 
disadvantages of this configuration are (i) the added cost of the converter and (ii) the 
harmonics that the power electronics introduce to the system, as the converter that is 
connected in series to the generator has to cater for the whole power transfer between 
the generator and the network. A similar scheme is shown in (c), where the induction 
generator has been replaced by a high-speed synchronous generator. 
Diagram (d) shows a direct driven (no gearbox) synchronous generator based WECS. 
EM 










Figure 4.8: Most common generator topologies of wind energy conversion systems 
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The generator used in this case is a multi-pole, low-speed synchronous machine. This 
generator may be more expensive than the high-speed SC, but the extra cost is balanced 
by the savings due to the lack of a gearbox, which is the most expensive and sensitive 
part of a WECS. 
The last two diagrams show WECSs that utilise the Doubly-Fed Induction Generator 
(DFIG). In (e) the speed of the generator can be increased by up to 20% over 
synchronous speed by altering the rotor circuit resistance by means of power electronic 
switches. Finally, diagram (f) shows a DFIG-based WT that is controlled by injecting 
a voltage to the rotor through a back-to-back power electronic converter. This 
configuration allows a +30% variation around synchronous speed. By feeding only the 
rotor circuit, the converter can be significantly smaller than in cases (b), (c) and (d) 
(typically 30% of rated generator power) which means that it is much cheaper and 
generates less harmonics (751. This is the.system that will be mainly considered in this 
thesis. 
4.2.4 Dynamic Model of the Doubly Fed Induction Generator 
The dynamic model for the doubly fed induction generator will be constructed in the dq 
reference frame, as in the case of the synchronous generator in Chapter 3. The DFIG 
can be described in per unit by the following equations: 
The generator convention is applied, which means that rotor and stator currents are 
positive when they are outputs. 
















where w is the stator electrical frequency, 0 the flux linkage, s the rotor slip, indices 
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s and r are stator -and rotor quantities, and finally d and q represent the direct and 
quadrature components. The rotor slip is given by: 
Ws - PP X W 
Wa 
(4.19) 
where pp is the number of pole pairs and Wm is the mechanical angular speed of the 
generator in rad/s. 
The dq reference frame is oriented so that the d-axis coincides with the maximum of the 
stator flux and q-axis is preceding the d-axis by 900.  Therefore '0L9 = and "/'qs = 0. 
Hence, from Equations 4.15 and 4.16 results that v = 0 and Vqs = v3, which is equal 
to the terminal voltage. 
The flux linkages in Equations 4.15 to 4.18 are given in per unit by: 
ds = —(L3 + Lm)ds - Lmdr (4.20) 
Iqs = —(L3 + Lm)iqs - Lmiqr (4.21) 
= (Lr + Lm)dr -. Lmds (4.22) 
qr = (Lr + Lm)iqr - Lmiqs (4.23) 
where Lm represents mutual, L8 stator and L, rotor leakage inductance respectively. 
The real and reactive power generated (or consumed) by the doubly fed induction 
generator are given by: 
Pg = Vi., + Vqs Zqs + VdrZdr + VqrZqr = P8 + P,. (4.24) 
Qg = VqZd - VdsZqs + VqrZdr - Vdrqr = Qs + Qr (4.25) 
Assuming no losses within the turbine, the power given by Equation 4.10 equals the 
generated (and supplied to the network) electrical power of Equation 4.24. However, 
Equation 4.25 represents the reactive power of the machine, which is not necessarily 
equal to that exchanged with the network. 'Whereas the stator circuit is directly 
connected to the network (and therefore P3 and Q3 are directly exchanged with it), the 
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rotor circuit is connected through the power electronic converter. The network-side of 
the latter is able to generate or absorb reactive power independently and the rotor-side 
of it can provide the MVAr requirements of the DFIG rotor. Therefore Q, disappears 
from Equation 4.25, and at its place Q is added. However, in order to reduce the 
rating (and hence the cost) and losses of the network-side converter, in most cases the 
converter control strategy is to keep Q = 0, although other strategies can be applied 
as well (e.g. Qnet = Qs + Qc = 0). It should be noted that the converter cannot 
store real power, therefore Pr = P and P9 = Pnet• The following equation gives the 
electro-mechanical torque developed by a doubly fed induction generator: 
Te = VdsZqs - l-qsds (4.26) 
Substituting the fluxes in Equation 4.26, it becomes: 
T = Lm (iqrids - idriqs) (4.27) 
The changes in generator speed that result from a difference in electrical and mechanical 
torque can be calculated using the generator equation of motion (4.14). Equations 4.9 
to 4.27 have been modelled to constitute a complete, wind-to-wire, dynamic model of 
a variable speed wind energy conversion system equipped with a doubly fed induction 
generator. In the next sections the required controllers for such a generation system 
will be discussed. 
4.2.5 Blade Pitch Angle Controller 
The blade pitch angle controller is one of the two components of a variable speed WT 
that controls the rotor speed. However in this implementation it has only a secondary 
role, as the main speed control function is performed by the speed controller described 
in the next section. The block diagram of the blade pitch angle controller is shown in 
Figure 4.9. 
The pitch angle controller operates during high wind speeds when the maximum torque 
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Figure 4.9: Blade pitch controller for the wind turbine 
has been reached. Further increase of torque would overload the machine and the 
converter and therefore the pitch angle controller takes action by increasing the blade 
pitch, thus modifying the power coefficient curve c(A, a) of the turbine as shown in 
Figure 4.6 [76]. The rotor's rotational speed W,. (pu) is continuously sampled with 
a sample rate F3 typically about 2Hz. The speed error between W, and reference 
(maximum) speed Wrref  is then fed to a Proportional (P) compensator, which outputs 
the reference pitch angle are 1  (deg). By using a simple P compensator the rotor 
speed may overshoot by a 15%-20% from its nominal value, depending on the gain 
of the compensator. However this is acceptable as the WT structure can sustain such 
overspeeds and since the system is never in steady-state (due to the variability of wind), 
use of a Proportional-Integral (P1) compensator to minimise the offset error is not 
justified. The rate limiter models the function of the pitch mechanism, which has a 
finite rate of change (typically 30 - 100). It also constrains the pitch angle between the 
minimum and maximum values (0° - 30°). 
4.2.6 Speed Controller 
The speed controller is the main component used for rotor speed regulation. The 
controller objective described here is to optimise power extraction from wind. The blue 
trace Figure 4.10 shows graphically the relationship between rotor speed and power. 
This curve, though, is sub-optimal for the reasons that will be discussed below. The 
optimal Pm - Wr curve is represented by the red dashed trace. It consists of three rotor 
speed regions, divided by speeds at points A' and U. At A' is the cut-in speed, below 
M. 
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Figure 4.10: Speed control characteristic for the DFIG 
which the wind turbine is turned off as the extracted power for these speeds will be 
very small and comparable to the losses. Between points A' and D', power rises in 
proportion to w,3 and the objective of the speed controller is to track the maxima of 
the power coefficient curves for the particular wind speed (shown in Figure 4.6). When 
the rotor reaches its nominal speed, the speed controller objective changes to maintain 
power capture at rated value (1.0pu). That is the point that the blade pitch controller 
comes into play to constrain speed (and therefore power). However, the step changes 
at points A' and D' would bring about large power fluctuations when speed varies only 
a little around these values. Hence the step changes are replaced by the slopes A-B and 
C-D to allow a smoother change of power [77]. Obviously there is a trade-off between 
smooth operation and optimal power extraction as the farther the distance from A to 
B and C to D (smoother change of power), the greater the difference between optimal 
and actual power extraction will be [78]. Figure 4.11 shows the block diagram of the 
rotor speed controller. 
0 
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Figure 4.11: Speed controller for the wind turbine 
Rotor speed is measured and sampled with a sample rate of a few tens of Hertz 
(typically 20Hz). Using the sampled speed measurement and the control law depicted 
in Figure 4.10, a torque setpoint is generated by dividing the power derived from the 
graph with speed. It should be noticed that torque is used instead of power because it is 
proportional tO. qr and therefore makes control easier. Combining Equations 4.20 - 4.23, 








The error between the derived torque setpoint and measured electrical torque is fed to 
a P1 compensator to define the iq, reference value. Then the error between iqrre f  and 
actual iq,  is fed in turn to a second PT in order to generate the Vdr  reference, which is 
then sent to the rotor side inverter. 
4.2.7 Voltage / Reactive Power Controller 
One of the most important advantages of doubly fed induction generators over standard 
squirrel cage machines is that their reactive power can be controlled and this makes 
them a very attractive option especially when the network that the turbine or farm 
is going to be connected is weak [79,80]. The reactive power exchanged between the 
DFIG and the network is regulated by the controller shown in Figure 4.12. 
Assuming that r3 = 0, by combining Equations 4.31 - 4.34 and 4.24 - 4.25, it can be 
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Figure 4.12: Voltage / reactive power controller for the DFIG 
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In the block diagram of Figure 4.12 the offset correction block calculates the current 




= ws(L± L8) 
(4.30) 
rn  
If this value is used as a reference for idr , then the inverter will provide only the reactive 
power required for the magnetisation of the rotor and therefore no reactive power will 
be exchanged with the network and the DFIG will operate at unity power factor. In 
the block diagram of Figure 4.12, this would require the PT compensator responsible 
for voltage regulation (lower left) to be disabled. A reactive power setpoint could then 
be compared to generator's actual MVAr output, and with the assistance of the upper 
left P1 compensator, the controller could perform Q or PF control. Alternatively the 
DFIG can operate in voltage control mode by selecting the lower left compensator. 
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4.3 Simulation of Wind Turbine Operation in a 
Distribution Network 
The WECS model presented in this chapter has been constructed in Simulink. The top 
level diagram as well as the most important components of the WECS model are shown 
in Figure 4.14. In order for the model to be validated, it had to be comparable to that 
modelled and reported in the literature. Therefore the turbine and machine parameters 
presented. in [74] have been used. These parameters are shown in Tables 4.1 and 4.2. 
Its main components are the wind turbine (as described by Equations 4.9 - 4.13), the 
DFIG (Equations 4.14 - 4.27), the real and reactive power controllers as shown in 
Figures 4.9 - 4.12 and finally the network model, which is implemented as a Matlab 
function. The 120 second wind speed time series shown in Figure 4.13 was used as an 
input to the model. 
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Figure 4.13: 120 second wind speed time series used for the simulations 
In the following simulations the network consists of a simple two-bus system, one of 
KE 
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which hosts the WT and the other is the slack bus. The two buses operate at 11kV and 
are connected by a line with R1 + jX1 = 0.0443 + j0.0331 Pu on a 2MVA base. This is 
the equivalent of a 5km line made of a ACSR 54/9 type conductor. 
rotor radius 37.5m 
rotor speed range 9 - 21 rpm 
rated power 2 MW 
nominal wind speed 12 m/s 
cut-in wind speed 3.5 m/s 
gear box ratio 1:100 
total moment of inertia 5.9 x 106kgm2 
Table 4.1: Wind turbine characteristics 
pole pairs 2 
generator speed range 900 - 2100 rpm 
mutual inductance Lm 3.Opu 
stator inductance L3  0.1pu 
rotor inductance L,. 0.08pu 
stator resistance R3  0.01pu 
rotor resistance I?,. 0.01pu 
line resistance R1  0.0443pu 
line inductance L1  0.331pu 
network voltage 1.0pu 
base voltage 11kV 
base power MVA 3  2MVA 
Table 4.2: DFIG characteristics 
4.3.1 WT Operating at Constant Power Factor 
The first simulation presents the conventional mode of operation of a wind turbine 
equipped with a doubly fed induction generator. At first, the voltage control component 
of the reactive power controller shown in Figure 4.12 is disabled and the power factor 
setpoint is set at 1.0 (no reactive power). Figure 4.15 shows the resulting real power 
export, rotor speed and blade pitch angle when the DFIG is operating at constant 
power factor mode. 
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Figure 4.14: Diagrams of the most significant blocks of the dynamic WECS model in 
Simulink. From (a) to (h): Top level diagram, WECS, wind turbine, 
DFIG and converter, pitch angle controller, power electronic converter, 
reactive power controller and real power controller. In (g) the Q3 
controller has been set up to perform power factor control. 
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Figure 4.15: Real power export, rotor speed and blade pitch angle for the DFIG in 
constant power factor operation 
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The first observation is that the short-term transients of the wind speed have been 
smoothed away due to the averaging over the rotational area, the inertia of the system 
and the variable speed operation of the turbine, which acts as a short-term energy 
buffer. It is also shown that the speed varies between +10% and —20% even at rapid 
gusts, thus the turbine is operating safely, since the turbine can rotate with up to 
+30% deviation from nominal speed, depending on the converter ratings. Finally the 
operation of the pitch angle controller is depicted in the last graph of Figure 4.15. At 
times of high wind speed the controller increased the pitch angle up to 20 degrees for 
this particular time series in order to constrain the power output. Figure 4.16 shows the 
response of the power factor and the terminal voltage of the generator when it operates 
in constant power factor mode. 
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Figure 4.16: Power factor and terminal voltage for the DFIG in constant power factor 
mode 
1' 
0 20 40 
Modelling of Wind Energy Conversion Systems 
In this figure the blue trace represents a power factor setpoint of 1.0 and the red 
dashed trace shows the response for 0.95 PF lagging (exporting reactive power). It 
should be noted here that in both cases the responses of real power export, rotor 
speed and blade pitch angle were identical to the ones shown in Figure 4.15. The 
reactive power controller manages to fix power factor at the desired setpoints, but as 
a consequence the voltage varies with the changing power generation. It can be seen 
that the variation is wider in the case of lagging power factor than the one at unity, 
and this is explained by the fact that at unity the reactive power is zero, whereas at 
0.95 lagging, the reactive power varies in proportion to the real power, thus increasing 
the effect of voltage fluctuation. 
4.3.2 WT Operating at Constant Voltage 
Although not widely practiced yet, wind turbines equipped with doubly fed induction 
generators can perform voltage control in a distribution system, thus assisting the DNOs 
to regulate the voltage profile of the network. However, for this to happen a solid 
regulatory framework has first to be developed. The response of the power factor and 
the terminal voltage of the generator when it operates in constant voltage mode is 
shown in Figure 4.17. 
The V/Q controller is now set to perform voltage control, and fix the terminal voltage 
at 1.03 per unit. In this case also the responses of real power export, rotor speed and 
blade pitch angle were identical to the ones shown in Figure 4.15. However the power 
factor and voltage responses are quite different. Power factor has now settled at 0.95 
leading (absorbing VArs), as due to the high real power output the voltage tends to rise 
over the 1.03 pu set point. It can be observed that terminal voltage remains practically 
constant at the setpoint value, but the power factor is increased during the two sudden 
reductions of wind speed at t = 35s and 1 = 65s, as the voltage rise due to the real 
power export became smaller. 
It should be noted that the results obtained in the last two sections agree with the results 
presented in [74], where the WECS data were taken from. Although the wind speed 
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Figure 4.17: Power factor and terminal voltage for the DFIG in constant voltage mode 
of operation 
input and the network characteristics are different in this case, the numerical values for 
power output, rotor speed and pitch angle are almost equal for the same wind speed. 
Some deviation is expected, as the systems are not at (but close to) steady-state. The 
voltage results agree with the results of a standard power flow for the same generated 
power and power factor (and in the same network). Therefore it is concluded that the 
model is accurate. 
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4.4 Steady State Model of the DFIG 
Inclusion of the flux derivatives in Equations 4.15 to 4.18 would require a simulation 
step time well below 50ms that is a typical value for fundamental frequency dynamic 
simulations, hence drastically increasing the computational load. The full model is 
useful when studying the dynamic performance of the system (including the controllers), 
but does not provide more information for long term simulations than the steady state 
model. The above set of equations can be simplified to give the steady state model as 
follows. By allowing the generator to operate with variable speed, the torque does not 
experience rapid fluctuations. This has a smoothing effect on the generator currents 
as well (and hence the fluxes), and therefore the dynamic terms of Equations 4.15-4.18 
have negligible effect and can be eliminated [65]. 
Taking into account the assumption discussed above and by substituting 
Equations 4.20-4.23 into Equations 4.15-4.18 the voltage equations for the DFIG 
become: 
Vd8 = 0 = —R3id3 + w [(Ls + Lm) iq, + Lmiqr ] (4.31) 
Vqs = Rsiqs - w [(Ls + Lm) id, + Lmdr] (4.32) 
Vdr = RrZdr + Sws [(Lr + Lm) iq, + Lmiqs] (4.33) 
Vqr = Rriqr - 8w8 [(Lr + Lm) id, + Lmds1 (4.34) 
The above equations do not include a dynamic term and therefore can be used to draw 
the steady-state equivalent circuit of the DFIG. By considering Equations 4.31 - 4.34 
the steady-state equivalent circuit of the DFIG as well as the corresponding phasor 
diagram can be derived as shown in Figure 4.18, where X = w3L and index in denotes 
magnetising quantities. 
The power electronic converter that injects voltage in the rotor circuit can now 
be modelled as an ideal current source. The current setpoints are assumed to be 
instantaneously reached. This is a safe assumption as today's power electronic switches 
have response times well below the time frame in consideration. The set of equations 
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Figure 4.18: Steady-state equivalent circuit for a DFIG and corresponding phasor 
diagram 
described in this section was utilised to construct the steady state model used in the 
following chapters for long term simulations. 
4.5 Summary 
In this chapter the modelling philosophy and the fundamental components for a 
wind-to-wire model of a wind energy conversion system were presented, namely the 
models of the wind speed, the wind turbine, the drive train and the doubly-fed induction 
generator. The advantages and disadvantages of the available configurations for WECS 
were discussed. Variable speed wind turbines are favoured by the industry due to 
their superior efficiency and controllability. From the available generators for variable 
speed WT schemes, the doubly-fed induction generator is most favoured and therefore 
this is the configuration that this work is based on. The dynamic model of a DFIG 
was presented in this chapter and two characteristic examples of its operation under 
constant power factor and constant voltage control were simulated. The results were in 
close match with other models in the published literature and therefore the constructed 
model can be relied upon. The next chapter uses the models developed here (and 
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in Chapter 3) to devise and validate intelligent control of distributed generators to 
overcome the voltage fluctuations brought about by the weakness (in electrical terms) 
of the distribution network. 
Chapter 5 
Intelligent Control of Distributed 
Generation 
5.1 Introduction 
This chapter proposes two methods of steady-state voltage control in remote parts of 
rural distribution networks that accommodate an increasing capacity of synchronous 
and doubly fed induction generators. The first of them is a deterministic system that 
uses a set of rules to switch intelligently between voltage and power factor control modes, 
while the second is based on a Fuzzy Inference System that adjusts the reference setting 
of the Automatic Power Factor Controller in response to the terminal voltage. Extensive 
simulations have verified that the proposed approaches increase the export of real power 
while maintaining voltage within the statutory limits. 
5.2 The Need for Intelligent Control 
The steady-state, slow and transient variations of voltage levels related to the connection 
of a DG can lead to undesired operation of voltage control equipment on transformers at 
the primary substations of the network. A net reversal of power flow in the distribution 
network line due to the presence of a DG can cause unacceptable voltage variations, 
and to protect quality of supply the Distribution Network Operator (DNO) may require 
that the DG be automatically disconnected by protection devices [4]. Operation of DGs 
in constant voltage or constant power factor (PF) mode, as required by most DNOs, 
may create a need for network reinforcement in order to reduce voltage variation and 
the cost of this work may be attributed to the connection costs of the DG. This may 
make potential schemes less attractive or even impossible to implement [3,4]. 
100 
Intellignt Control of Distributed Generation 
The ability to export active and reactive power without voltage violation depends on 
network characteristics above the point of connection, and on the active and reactive 
power exported from the local busbar. Line power flow is reduced by local demand 
according to daily and seasonal patterns. The net impedance and X/R ratio can 
also vary due to automatic reconfiguration, but less frequently. Changes in local loading 
and network configuration causes local voltage excursions that can shut down the DG 
with loss of production and revenue. These effects are widely experienced by operators 
of DGs in rural areas. Depending on its capacity and the inherent voltage variation 
in the network, there may be merit in operating the DG with the excitation system in 
constant voltage mode as necessary. The ability to operate inside an acceptable voltage 
envelope and the opportunity to reduce network reinforcement costs could increase DG 
development. 
Additionally, at times of high local load, or when changes in network impedance 
led to reduced voltage at the local busbar, the DG could be used to attempt to 
maintain voltage. While this could provide a measure of network support in the weak 
areas Distribution Network Operators need not accept this method of operation. An 
unconstrained machine in voltage control could attempt to define voltages that may 
conflict with their automatic voltage control equipment, and cause spurious operation 
of protection, particularly at times of light local load. If the DG tried to meet an 
excessive demand for reactive power, as voltage continued to fall, the AVR could 
attempt force excitation with potentially damaging results for the generator. 'While 
excitation overcurrent or busbar undervoltage protection should limit this they would 
shut the plant down, with loss of production and the need for a restart. There is a 
need to make best use of potential DG plants both from the developers' and the DNOs' 
point of view. 
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5.2.1 Universal Power Circle Diagram 
Considering the simple two-bus system of Figure 5. 1, if the DG produces PG +3QG and 
the local demand is PL + 3QL, the complex power delivered to the line in VA is: 
81ine = Pline + jQiine = (PG - PL) + j(QG - QL) (5.1) 
In Chapter 2 it was shown that the voltage rise due to the exported power from the 
DG bus would be: 
RPjjne + XQiine . XPjjne - RQzine 
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Figure 5.1: Basic 2 bus system 
operating the generator at a constant power factor will result in voltage excursion as 
the plant tries to export reactive power in constant proportion to active power. Line 
impedance directly increases voltage rise. Line X/R ratio skews the effects of real 
and reactive power. A clearer appreciation of these may be obtained by considering 
the Universal Power Circle Diagram (UPCD) for a short distribution line shown in 
Figure 5.2. For X127 >> angle 0 approaches —90° degrees and the diagram 
resembles that of a synchronous generator connected to the infinite grid. At the edges 
of the distribution network, where the X/R ratio tends to be lower, 6 is less than 900 
and the voltage origin and centre of constant V2 circles rotates around a semicircle 
towards the -Q axis by less than 901. The complex power line drawn out of the PQ 
origin may be used to prescribe constant MVA circles and power factor lines at the 
remote end of the line, as shown in Figure 5.3. If the voltage at that end of the line 
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Figure 5.2: Universal power circle diagram for a short distribution line 
is constant (nominally 1.0 pu) semi-circles of constant busbar voltage may be drawn, 
including voltage limits. The effects of changing network impedance may be separated 
from changing line power flow. Only increased complex power flow moves point k further 
away from the PQ origin, towards voltage limits. Where X/R ratios are high, dispatch 
of reactive power will rapidly take the busbar voltage to the overvoltage limit. Where 
the X/R ratio is lower reactive power flow has less effect and eventually active power 
flow becomes limited by the anti-clockwise rotation of the voltage phasors and voltage 
circles. Increased network impedance rescales the constant voltage circles to bring the 
limits closer to or inside point k and therefore dispatch of complex power is limited. 
While these diagrams are based on complex power flow in the line, they are useful to 
enable computation and examination of loci of busbar voltage as the DG is loaded or 
as local demand varies, while the plant is in constant power factor or constant voltage 
control. They also visualise the effects of network changes on the limits of operation 
and dispatch of DGs connected to the local busbar, particularly where the capacity of 
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Figure 5.3: Composite universal power circle diagram 
the generator is dominant. Finally they show that for an increasing MW export from 
the generator, the only way to maintain local voltage within limits is by reducing export 
and (should the generator be capable) even going further to import MVArs. 
The universal power circle diagram focuses on the network impacts of varying power 
flows and line impedances. It would be useful to be able to combine the UPCD 
with the capability diagram of the generator in order to define the working limits 
of the whole system. However, the UPCD involves varying voltages for the generator 
bus, thus becoming incompatible with the capability diagram. In order to devise a 
control strategy for the generator, the network limitations should be reflected on the 
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machine's operational regime. This. can be achieved by using 3D diagrams as shown in 
Figure 3.13. In this figure, the capability diagram of a synchronous machine connected 
to a distribution network scaled in the z-axis by terminal voltage, was superimposed to 
the voltage surface resulting from the real and reactive power loading of the generator. 
Figure 5.4 shows the same graph from the top. The black line is the intersection of the 
Figure 5.4: Dynamic capability diagram for Plod = 0.6 pu, PF = 0.8. 
3D capability diagram with the voltage surface; in effect it depicts the actual operating 
limits for this generator in that particular network and load conditions. In this case 
the local load was 6MW/4.5MVAr. The rating of the generator was 12MVA, its 
reactance was 0.8pu, the feeder's impedance was 0.8 +jO.6p'a and the network's voltage 
was 1.0jm. Base quantities were 11kV / 10MVA. On the same graph, the voltage and 
power factor limitations imposed by the DNO are shown. The dashed lines represent 
the power factor limits (in this case assumed to be 0.9 lagging - 0.95 leading), the blue 
line is the overvoltage limit set at 1. 03pu and the red line is the undervoltage limit, at 
0.97pu. While the generator is able to operate safely anywhere within the capability 
diagram, should the DNO's demands be satisfied the operating area is constrained 
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to section ABCD, confined by the capability diagram and voltage and PF limits. It 
is' shown that at rated output (0.8pu) the generator can use all the available power 
factor range, staying just below the overvoltage limit at 0.9 PF. In Figure 5.5 the local 
load was decreased to 4MW/3MVAr. At its rated real power, the reactive power of the 
Figure 5.5: Dynamic capability diagram for P1d = 0.45 pu, PF = 0.8. 
generator is now constrained by the overvoltage limit and the minimum (leading) power 
factor. The effective power factor limits are therefore 0.995 lagging - 0.95 leading. If 
the generator wanted to increase its reactive power output and yet remain within the 
voltage limits, it would have to reduce its real power output. 
It is therefore apparent that due to the variability of the network conditions in 
a weak distribution system, operating at a fixed power factor assumes accepting 
the risk of hitting the over/undervoltage limits. Work done by the author for the 
purposes of this project, involving mixed voltage/PF control of DGs, have shown 
that by intelligently controlling the distributed generators, voltage variations can be 
mitigated and reinforcement may be avoided [4,81, 82]. Utilisation of a Fuzzy Logic 
106 
Intelligent Control of Distributed Generation 
(FL) Controller to control the DG may also prove to be a means of reducing voltage 
fluctuations [83]. In this chapter these control algorithms will be presented and it will 
be shown that the same method can be applied to both synchronous and doubly fed 
induction generators. 
5.3 Artificially Intelligent Controllers 
The term Artificial Intelligence (Al) is described as a 
"computer process that attempts to emulate the human thought processes 
that are associated with activities that require the use of intelligence" 
There are a number of algorithms that can be categorised as Al controllers, such 
as expert systems, knowledge based systems, fuzzy logic controllers, neural networks, 
genetic algorithms etc. In this work two of these types of algorithms have been utilised: 
expert systems and fuzzy logic controllers. Artificial intelligence concepts have been 
investigated by several research groups as a means of improving voltage quality in 
electricity systems [49,55,84-91] 
5.3.1 Al Controllers Based on Expert Systems 
Expert systems are one of the most basic types of Al. The core of an expert system 
is the knowledge base, which contains the encoded problem solving knowledge for 
the particular application. A well known mechanism for knowledge representation is 
rule-based knowledge that takes the form of if condition(s) then action(s) statements. 
The expert system gathers information which it then uses to make decisions based on a 
pre-loaded set of rules. Their advantages are their ability to permanently encapsulate 
knowledge provided by human experts, their flexibility and their ability to generate 
answers quickly and with consistency. On the other hand, their disadvantages are that 
they are not adaptive to changing environments and they have difficulty in handling 
large amounts of data or use of large rule bases. 
107 
Intelligent Control of Distributed Generation 
5.3.2 Fuzzy Logic Controllers 
Fuzzy set theory was first discussed in the mid-sixties. Fuzzy controllers are being used 
with noisy, nonlinear and time-variant systems, tuning problems and with complex 
multiple input multiple output systems. In conventional logic the number 1 indicates 
that an object belongs to a set, while 0 indicates that the object is not a member of the 
set. The distinctive feature of fuzzy systems is that there are degrees of membership 
that vary from 0 to 1. A fuzzy logic system consists of four stages: the fuzzyfication 
stage, where crisp input information is converted to fuzzy values, the decision-making 
stage where it is decided how the fuzzy logic operations are performed, the knowledge 
base, which contains the decision-making rules and the defuzzyfication stage which 
converts the fuzzy information back to crisp information. 
5.4 Hybrid Voltage / Power Factor Controller 
The disadvantage of Figure 5.4 and 5.5 is that they ar generator-specific. A generic 
diagram that includes both the network and generator limitations is shown in Figure 5.6. 
This vector diagram shows the operational limitations and the constraints (i.e. power 
factor values and ranges of permissible voltage) that the network operator imposes on 
the DG in the basic case of a 2-bus system such as the one shown in Figure 5.1. In this 
diagram Vmin and Vmax are the minimum and maximum acceptable voltages and PFrnjn 
and PFmaz  are the lines of constant minimum and maximum power factor, respectively. 
The allowable area of operation for the generator is the shadowed region between these 
boundaries. Ideally, therefore, a control system should constrain the operation of the 
distributed generator within these boundaries. The block diagram of a system that 
restricts operation of a synchronous generator within the shadowed area is shown in 
Figure 5.7. The details of excitation systems and synchronous machine modelling have 
been presented in Chapter 3. 



























Figure 5.7: AVPFC controlled synchronous generator block diagram 
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There are two nested control loops in the block diagram of Figure 5.7. The inner loop 
performs voltage control and adjusts the terminal voltage of the generator according 
to the setpoint that is defined either from the output of the APFC, or the Vh and V 
setpoints. The external loop regulates the power factor of the generator according to 
the reference value given by tan(cbre ). The control block contains the heuristics of the 
expert system that ensure continuous operation of the generation within the shadowed 
area of Figure 5.6. The operation of this block is depicted in the flow chart of Figure 5.8. 
This constitutes the core of the expert system. The actions of the controller depend on 
Figure 5.8: The flow chart of the automatic voltage/power factor control algorithm 
its state, i.e. whether it is in voltage or power factor control mode: 
. If the controller is in Automatic Power Factor Control (APFC) mode (right 
branch), terminal voltage is continuously measured and checked against two 
110 
Intelligent Control of Distributed Generation 
values the high voltage target Vh plus the deadband VD,  and the low voltage 
target V1   minus the deadband VD. If the terminal voltage is higher than the first, 
or lower than the second, the controller switches to Automatic Voltage Control 
(AVC) with the reference voltage set at Vh or V respectively. 
• If the controller is in AVC mode (left branch), the power factor (through tan()) 
is measured. Then, the measured PF value is compared to the PF target plus or 
minus the power factor deadband PFD, depending on the current voltage setpoint 
(Vh or V respectively). As a result of this comparison, if the power factor is outside 
these limits, the controller switches to APFC. 
After synchronisation, the DG could be brought towards capacity in constant power 
factor mode (travelling out on its constant power factor line) until the busbar voltage 
exceeds a pre-defined threshold voltage within the statutory limits. At that point 
APFC could be replaced with AVG to vary excitation and move the operating point 
around the constant voltage circle within the busbar overvoltage limit. Increased local 
load and reduction in terminal voltage could take the system back into APFC by 
sensing the increased demand for reactive power and therefore the reduction of power 
factor. Variations in network impedance would have a similar effect. This system, 
termed 'Automatic Voltage - Power Factor Controller' (AVPFC), would also enable 
voltage support at times of heavy local demand. On reaching a voltage just above the 
undervoltage limit the excitation system would be transferred to AVG to maintain local 
voltage. Excitation under- and over-voltage and over-current protection should protect 
the DG excitation and control system against prolonged forcing. When AVG is,active 
the APFC module is disengaged, otherwise the non-zero power factor error signal would 
saturate the integrator of the internal PID compensator. 
5.4.1 Determination of AVPFC mode selection rule set 
The control block in Figure 5.7 is responsible for the control mode decision making. 
The system will attempt to regulate the DG operation around one of three possible 
setpoints: the power factor setting PFre1, and the high or low voltage setting Vh and V1, 
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respectively. Table 5.1 shows the heuristics of the control algorithm, i.e. the reference 
value which is applied to the controller for every combination of voltage and power 
factor conditions. In order to prevent hunting, a deadband exists around the decision 
thresholds. Voltage deadband is annotated as VD and power factor deadband is PFD. 
V2!~VB VB<V2<VT VTV2 
PF < PFB V PFre j PFrei 
PFB < PF < PFT V1  PF q Vh 
PFT < PF PFref PFrei Vh 
Table 5.1: AVPFC mode selection rules set 
where: VB = V - VD 
VT = Vh + VD, 
PFB = PFrei - PFD, 
and PFT = PFrei + PFD . 
5.4.2 Performance of a Synchronous Machine Based DG under 
AVPFC control 
In order to test model validity, the process of generator load-up was simulated under 
AVPFC control and the results compared with those under AVC and APFC modes. The 
radial test network in Figure 5.1 was used with its characteristics shown in Table 5.2. 
The results of the DG loading-up, post-synchronisation, are shown in Figure 59. In 
this (hypothetical) case, local power demand is sufficiently high to result in the voltage 
at bus 2 (1/2) lying below the 0.94 Pu limit. Normally, however, DNOs would ensure 
that voltage remained within statutory limits prior to connection. In the initial stages 
of load-up (t < 45s), local power demand exceeds DG output and in the case of the 
APFC-controlled DG, is sufficiently high to result in voltage 1/2  being below 0.94 pu 
(a hypothetical situation as in general DNOs would ensure voltage remained within 
statutory limits prior to connection). 
During the same period a fixed-voltage, AVC-controlled generator would try to hold 
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Network Data 
Machine size: 10 MW 
Load size PL, QL: 4 MW, 3 MVAr 
Line resistance R: 0.124 Pu 
Line reactance X: 0.099 Pu 
Network Voltage V1: 1.0 Pu 
Base Voltage V s,: 11 kV 




VB: 0.0025 Pu 
PFre1 : 0.9 lagging 
PFB: 0.0025 
APFC Data 
PFrei : 0.9 lagging 
AVC Data 
VreI: 1.03 Pu 
Table 5.2: Test system data 
voltage at the 1.03 Pu reference voltage leading to significant reactive power generation 
and a fall in the power factor wherein the DG excitation protection devices would shut 
the plant down. The AVPFC controller responded by fixing the terminal voltage at 
0.97 Pu. The low power factor would cause the protection devices to shut the generator 
down, albeit for a significantly shorter time than in the AVC case. Between t = 45s 
and t = 125s the AVPFC operated the generator in constant power factor mode as this 
would not result in voltage excursions outside the preset thresholds. For that period 
the response of the controller was identical to the response of APFC. 
At t = 125s, the voltage of the APFC and AVPFC controlled generators reached 1.03 
pu. Under AVPFC there was a switch to voltage control to maintain voltage, and 
from this point on its response is identical to that with AVC. The voltage under APFC 
continued to rise towards and through 1.06 Pu - over-voltage protection would trip the 
DG at that point. This simulation showed that compared to APFC, hybrid voltage/PF 
control of a DG can improve the voltage profile in a weak network when the power 
transfer from or to the local bus is high, and at the same time will reduce import 
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Figure 5.9: DG loading-up under AVC, APFC and AVPFC control. Legend applies to 
all subfigures. 
or export of reactive power, compared to automatic voltage control. However, should 
another automatic voltage control device exist in the vicinity such as an On-Line Tap 
Changing (OLTC) transformer, the attempt of the AVPFC to hold voltage constant 
can potentially cause spurious operation of the OLTC mechanism, if the settings of the 
two control devices are not carefully selected. 
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5.5 Fuzzy Logic Power Factor Controller (FLPFC) 
Artificial Intelligence has been applied successfully to solve many power system 
problems [92]. Being highly nonlinear, power systems are very difficult to control with 
conventional methods and linearisation techniques very often fail to produce models 
that resemble the actual characteristics of the system. The resulting ambiguities 
impose constraints on power system controller design. In addition to this, the 
stochastic variation of load, generation and topology of a power system exaggerate 
uncertainty and imprecision [89]. The use of a fuzzy inference-based approach can be 
shown to overcome these difficulties. 
5.5.1 Formulation of the problem 
As discussed in the previous section, hybrid voltage and power factor control of a 
DG can improve voltage quality in a weak network, but can only be applied when no 
other voltage control device exists in the vicinity, and at the same time will reduce the 
need to install such a device. On the other hand, with the rapid increase of distributed 
generation and the subsequent extension and improvement of the DN, it is expected that 
the DNOs will move toward more active control of the DN, and therefore the number of 
DN voltage control devices will increase. Hence, network operators in such areas may 
not allow generators to operate in any form of voltage control mode, including AVPFC. 
In that case, a method of reducing voltage fluctuations while in APFC mode is required. 
A conventional automatic power factor controller has a flat power factor characteristic 
over the permissible range of voltage. A human operator (or a specifically designed 
controller) of the DG plant would respond to voltage variation by altering the power 
factor setpoint in a way that the change in generated (or absorbed) reactive power 
regulated the terminal voltage. The DG should operate with constant power factor 
in a band spread about the middle of the permissible voltage range. When voltage 
falls the power factor should shift to a more lagging value so that the extra reactive 
power generated restores voltage. Conversely, increased voltage would require a move 
to a more leading power factor to compensate for the voltage increase. It is possible 
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to achieve such operation by adjusting the power factor reference rather than voltage 
refenernce in single AVC mode by means of a specifically designed fuzzy controller. The 










Figure 5.10: Block diagram of a DG with a Fuzzy Logic Power Factor Controller 
Compared to the block diagram of the AVPFC controlled system, the block diagram 
shown in Figure 5.10 includes three nested loops. The inner is the same as previously; 
it is the voltage regulation loop. The middle one performs power factor control with 
the assistance of the PID controller, and the external loop provides the power factor 
reference (emerging from tan(q5)) through the fuzzy controller. The latter behaves 
as a numerical input - numerical output, nonlinear element of a closed-loop control 
system [93]. It should be stressed that this nonlinear mapping is not unique and is 
heavily affected by the conversion procedure of the fuzzy control sets [93]. As it will 
be shown later, exploitation of this characteristic can lead to "tight" or "loose" voltage 
regulation, specifically designed to match the network characteristics and /or the DNO's 
requirements. Furthermore, extrapolation capabilities should be given to the fuzzy 
controller to enable it to produce an output even when the input is outside the design 
limits. In this case, the protection devices of the generator will ensure that it always 
operates within its design limits. 
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5.5.2 Design of the Fuzzy Logic Power Factor Controller 
From the two available types of Fuzzy Logic (FL) controllers (Mandamani-type and 
Sugeno-type), the one proposed by Takagi and Sugeno [94] has superior control 
performance [95]. Once the desired controller response has been identified, there is 
a number of steps that have to be followed, namely the design of the input stage 
(fuzzification), determination of the fuzzy rules, and design of the output stage 
(defuzzification). 
5.5.2.1 Design of the input stage 
Since this is a Single Input - Single Output (SISO) controller, the input fuzzy set 
consists only of the measured terminal voltage VT, varying over the range [ VTmjn  VTmo j• 
Three linguistic labels define voltage; LOW (L), NORMAL (N) and HIGH (H). The 
(Gaussian) input membership functions are shown in Figure 8(a) and are described by 
Equations 5.3 - 5.5: 
LOW: 
AL(VT) = I exp L VT1 
(VT_VTmin)2]1 
- VT.  
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5.5.2.2 Determination of the fuzzy rules 
A typical rule in a Takagi-Sugeno - type fuzzy model has the form [94]: 
IF Input = x2, THEN Output is y1 = ax + b2 , where i is the index of the fuzzy rule. 
For a zero - order Takagi-Sugeno model, the output level y is a constant (a = 0). 
Therefore the fuzzy rule set becomes: 
IF (VT = LOW) THEN (u1 = PFmjn) 
IF (VT = NORMAL) THEN (u2 = PF O,Th) 
IF (VT = HIGH) THEN (u3 = PFmax) 
where u1, u2, u3 are the outputs of the respective fuzzy rules. 
5.5.2.3 Design of the output stage 
The output level u2 of each fuzzy rule is weighted by the level of activation pi of the 
rule as shown in Figure 5.11. The final output of the system is the weighted average of 
all rule outputs, computed as: 
PFref =
j=1  Nui (5.6) 
Ei=1 Ai 
5.5.3 Performance of the DG under FLPFC control 
To quantify the benefit of using the FLPFC, a simulation on a system identical to the 
one in Section 4.3.2 was performed, this time with the DG under FLPFC control. The 
details of the FLPFC are shown in Table 5:3. Application of these data on the FLPFC 
produced a Look Up Table (LUT) with the response shown in Figure 5.12. 
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Input membership functions 
0.95 1 1.05 
Terminal voltage Vt (pu) 
Figure 5.11: Input membership functions of the Fuzzy Power Factor Controller 
FLPFC Data 




VT,: 1.03 Pu 
VT1: 0.97pu 
tan(cbm ): 0.750 (PFmin = 0.8 lagging) 
tan(cbj: 0.484 (PFflOTTI = 0.9 lagging) 
tan( mjn): —0.329 (PFPUZX = 0.95 leading) 
Table 5.3: Fuzzy Logic Power Factor Controller data 
FLPFC LUT response 
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Triangular membership functions could be used instead of the Gaussian ones shown in 
Figure 5.11. In that case, the input-output relationship of the fuzzy controller would 
consist of sections of straight lines. However, Gaussian functions were preferred as they 
result in a gradual increase of the slope, which has positive effects on voltage regulation, 
as it will be shown later. The results of the simulation are shown in Figure 5.13. 
The response of the AVC and APFC controlled DGs are shown in the same graph for 
comparison. 
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Figure 5.13: DC loading-up under AVC, APFC and FLPFC control 
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Early in the loading process the FLPFC controlled machine operates at a slightly higher 
voltage compared to the APFC controlled one. This is because the FLPFC allows 
the SG to operate at 0.8 power factor exporting extra reactive power. In the middle 
section of the loading process and while voltage lies between 0.97 Pu and 1.03 Pu 
the system operates at constant 0.9 PF, almost identical to the APFC and AVPFC 
cases. When voltage rises above 1.03 pu, the FLPFC starts decreasing the power factor 
setpoint - increasing tan(q) - and by constraining Qexp, the terminal voltage is 
held within acceptable levels. It should be noted that the the FLPFC (as well as the 
AVPFC) will maintain the voltage within the permissible range only as long as the 
reactive power limits have not been met. These three tests showed that for the same 
network conditions, utilisation of either AVPFC or FLPFC would be beneficial as their 
operational margins are wider compared to the traditional fixed power factor operation 
of a synchronous generator. 
5.6 AVPFC and FLPFC controlled DG under 
real-time varying load conditions 
To test the response of the DC under the control of APFC, AVPFC and FLPFC to 
voltage variations brought about by changes in local load, the load of the 2-bus system in 
Figure 5.1 was given the time-varying profile shown in Figure 5.14, to simulate the time 
variation of actual aggregated load at a DN substation. The network characteristics 
are given in Table 5.4. 
The varying demand profile was applied at constant 0.9 power factor over a 24-hour 
period. It resembles an aggregated 80% domestic - 20% industrial load. The simulation 
was performed three times; with the APFC, then with the AVPFC and lastly with the 
FLPFC. The settings of APFC and FLPFC were the same as the ones used for the 
generator loading tests (see Tables 5.2 and 5.3). Setpoints Vh and V1   of the AVPFC 
have been changed to 1.05 p.0 and 0.95 p.u. respectively in order to match those of the 
FLPFC. Additionally, the power factor of the generator has been constrained between 
0.8 lagging and 0.95 leading to resemble real-life operation in a DN, as a DNO would 
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Figure 5.14: 2.4-hour, 80% domestic 20% industrial load profile 
Network Data 
Machine size: 4.0 MW 
Mm. Load PL, QL: 1.11 MW,  0.538 MVAr 
Max. Load PL, QL: 6.411 MW, 3.105 MVAr 
Load power factor PF: 0.9 
Line resistance R: 0.1901 Pu 
Line reactance X: 0.1521 Pu 
Network Voltage: 1.0 pu 
Base Voltage V s,: 11 kV 
Base Power S 3 : 10 MVA 
Table 5.4: Test system data 
generally not allow a generator to operate with an unconstrained PF. The response of 
a typical APFC generator setup is shown in Figure 5.15. 
The power factor of the generator remains constant throughout the whole period. 
However, for the period between 0:45-06:15 hours the generator would be disconnected 
as the large (constant) amount of generated power in combination with the low local 
demand would cause excessive power export and thus voltage violation. Additionally, 
during the 17:15-18:45 hours high local demand period, the bus voltage would be below 
the 0.94 p.u. statutory limit. Figure 5.16 shows the response of an AVPFC controlled 
SG under the same circumstances. 
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Figure 5.15: Response of APFC to a varying load 
Compared to the APFC controlled SG response, it is apparent that for the periods 
while the bus voltage would be in the 0.97 Pu - 1.03 Pu region, the operation of the 
two systems is identical. However, during the periods of low (00:30-07:00 hours) and 
high (17:15-19:30 hours) demand, the AVPFC switches to constant voltage mode and 
holds voltage at 1.04 Pu and 0.96 Pu, respectively. This results in a longer period 
of operation, more energy shipped to the network and therefore increased revenue for 
the developer. It should be noted that for a short period just before 18:00 hours the 
voltage falls below the 0.95 p.u. setpoint, because the power factor limit has been met 
and the generator cannot support voltage any further. Figure 5.17 presents the results 
of simulations under FLPFC control. 
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Figure 5.16: AVPFC response to 24-hour varying load 
Compared to the AVPFC response shown in Figure 5.16, the FLPFC gives quite similar 
results. It is clear that neither voltage nor power factor exceed their operational range 
and therefore the generator will remain connected for the whole period of simulation, 
resulting in an extra 22 MW-hours exported energy compared to APFC operation. 
For a 4MW machine, this represents considerable increase in output with consequent 
financial benefits. 
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Figure 5.17: FLPFC response to 24-hour varying load 
5.7 Application of the FLPFC to Wind Turbines 
with Doubly Fed Induction Generators 
The increasing rating of modern wind turbines and in a greater extent the size of the new 
and proposed wind farms introduce a major concern regarding voltage control in the 
distribution network. In the case of wind energy, an additional factor of voltage variation 
to the one of load change is the wind intermittency. Therefore operating the DFIGs in 
pure power factor control mode is expected to cause wider voltage excursions than in 
the case of SG-based hydroelectric or CHP plants, and the need for intelligent control 
is more prominent. Decoupled real and reactive power regulation of the DFIG through 
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d - q control makes possible the utilisation of the AVPFC and FLPFC controllers in the 
same manner with the synchronous generators as discussed in the previous sections. 
One of the advantages of the fuzzy logic power factor controller is that although it does 
not fix the voltage at a constant value (an action that has the disadvantage, of wide 
reactive power fluctuations when real power is varying), it can constrain its range, and 
at the same time it has a reduced variation of the reactive power exchange with the 
network compared to pure voltage control. This can be a very interesting feature in the 
case of wind generation, as its inherently intermittent energy source causes wide voltage 
fluctuations, one of the most important issues that restricts penetration of wind energy. 
To quantify the possible advantages and disadvantages of the utilisation of FLPFCs in 
wind energy, a set of simulations was done. FLPFC control was applied to a DFIG wind 
turbine that was connected to a two bus system like the one shown in Figure 5.1. The 
real and imaginary parts of the line impedance were R1+jX1 = 0.05+j0.05 per unit on a 
2 MVA base. The load is assumed to be zero and the network voltage 1.0 Pu. A method 
to alter the operation of the FLPFC controller in order to study its characteristics is 
by changing the non-linear v - Q slope by altering the membership functions. For this 
example a set of three different V - Q characteristics were used. These relationships are 
shown in Figure 5.18. The efficiency in regulating voltage is defined by the slope of these 
curves. The steeper the slope, the easier becomes the reactive power exchange between 
the DFIG and the network, and the more the controller looks like a usual automatic 
voltage controller. Of course there lies a trade-off, as increased steepness also leads to 
increased reactive power fluctuations in case of disturbances. On the other hand, a less 
steep characteristic resembles more to an ordinary power factor controller (when slope 
is zero) which has less MVAr fluctuations but a worse voltage regulation. Figure 5.19 
shows the power factor and voltage response of the DFIG utilising an FLPFC with each 
of the three V 
- Q curves of Figure 5.18, for 120 seconds of operation under varying 
wind power input. The response of a PF-controlled DFIG is also shown for comparison. 
The setpoint of the power factor controller was set at 0.95 lagging. 
It can be seen that in terms of voltage regulation, the best performance is by curve B, 
which achieved the lowest voltage and the least variation, then curve A and last curve B. 
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Figure 5.18: A set of three V - Q curves for the FLPFC 
All three of them though have better voltage characteristics than the APFC controller 
as expected. It can also be seen that curve A has the widest variation in reactive power. 
In all cases though, the reactive power exchanged with the network would be less than 
in the case of pure voltage control. This would have the obvious advantage of lesser 
network and generator loading. The fuzzy controller gives the opportunity to select a 
set of rules that match with the network characteristics and the machine and converter 
reactive capability. Selection of the fuzzy rules could therefore be done in agreement 
with the DNO on an individual basis. 
5.8 Combining Intelligent Voltage Control at 
Generators and OLTCs 
One of the reasons for the DNOs for not allowing constant voltage operation of the 
distributed generators, is the possibility of conflict with their control equipment such as 
On-Line Tap Changing transformers. Although AVPFC is partially a voltage controller, 
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Figure 5.19: Responses of three different fuzzy controllers and the classic power factor 
control - 
it is possible to coordinate its operation with the network's OLTCs. This will be 
demonstrated through a simulation of a 4-node radial feeder such as the one depicted 
in Figure 5.20. The details of the system are shown in Table 5.5 below. 
When combining OLTC operation and AVPFC, one of the two controllers has to be 
given priority for its action over the other in order to avoid hunting between them. Since 
the AVR of the synchronous generator (or the power electronics converter, in case of a 
DFIG) is much faster than the OLTC, it can provide more robust voltage regulation. In 
addition, its operation is smooth and does not cause step voltages as in the case of the 
OLTC transformer. On the other hand, its range of control is limited by the reactive 
power capability of the machine (and/or the converter). For these reasons, generator 
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Figure 5.20: A radial feeder with an OLTC transformer and distributed generation 
control could be used for fast, fine voltage regulation and OLTC control could be used 
for coarse, secondary control. This can be achieved by assigning the same target voltage 
to both controllers, and setting the OLTC deadband wider than the AVPFC one. Thus, 
should voltage rise from the nominal (target) value, it would first reach the AVPFC 
deadband, switching it to voltage control. The AVPFC would hold voltage steady up 
to its reactive power capability. Then voltage would start rising further up until it 
reached the OLTC limit. The OLTC would then act to reduce it, by switching one tap 
up on the transformer. Lowering voltage under the AVPFC limit would turn it back 
to automatic power factor control ('normal' mode) etc. The inverse sequence would 
be followed for undervoltages. Figures 5.21 - 5.28 illustrate the effects of individual 
and combined AVPFC/OLTC control for the system in Figure 5.20. In this simulation 
the distributed generation plant is a wind farm that comprises six 1MW DFIG wind 
turbines, and one day of operation with varying wind and demand conditions is shown. 
Figure 5.21 illustrates the 24-hour voltage profile at the wind farm and neighbouring 
buses when the turbines operate at constant power factor (0.98). It is shown that at 
the DG bus (V4), voltage fluctuates from 0.95 pu to 1.045 pu. 
Utilisation of AVPFC reduced the voltage range on the DG bus to [0.955 1.031 pu. It 
should be noted here that due to the limited reactive power capabilities of the induction 
generator, its voltage regulation is by default worse than the synchronous machine. The 
voltage profile at the wind farm and neighbouring buses with the turbines operate under 
AVPFC control is shown in Figure 5.22. 
Figure 5.23 shows the node voltages when the generators operate on constant power 
129 





V1 (slack) 1.03pu 
R1  0.03pu 
X1  0.02pu 
0.060pu 




V a.jj,ijnd 0.0125pu 





PF 0.9 lagging 
Generator 
Pc 6x 1MW DFIG WECS 
PF 0.98 lagging 
PFrange 0.95 lagging - 0.99 leading 
V? 1.00pu 
Vrange 0.99 - 1.01 PU 
Table 5.5: Parameters of the system in Figure 5.20 
factor mode and the OLTC performs Line Drop/Rise Compensation (LDRC). As can 
be seen in the graph, the voltage on the DG bus is clearly constrained within the 
OLTC deadband another interesting observation is that the DG voltage is lowered at 
the expense of node V3  voltage, which was increased from about 1.01 Pu to over 1.02 Pu 
during the peak demand period (after 09:00). Thus the voltage drop across R2 + jX2  
was compensated. 
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4—bus system: GEN:APFC, LDC:OFF 




















4—bus system: GEN:APFC, LDC:ON 
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Figure 5.23: Voltage profile for the APFC controlled WECS with line drop / rise 
compensation 















Figure 5.24: Voltage profile for the AVPFC controlled WECS with line drop / rise 
compensation 
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Combination of OLTC and AVPFC control is depicted in Figure 5.24. Compared 
to all previous three voltage profiles, the voltage profile for the combined control is 
further improved. With regard to the AVPFC-only case, combined operation produced 
better results as it 'centered' the average voltage value within the operating range 
of the AVPFC, thus allowing it to operate for more time without hitting its reactive 
power limits. This is illustrated in Figures 5.25 and 5.26, where the respective reactive 
power outputs (from a single generator out of six) are shown. With regard to the 
LDRC-only case, combined operation improved the voltage profile as for significant 
periods (00:30-04:00 and 16:20-24:00 approx.) the generator was able to operate at 
constant voltage as the reactive power requirement for that was within its capacity. 
A final but equally important observation that can be made with these simulations, 
is the drastic reduction, of the tap changes at the combined operation, compared to 
LDRC-only. Figures 5.27 and 5.28 show the tap transitions throughout the simulated 
period. It is demonstrated that for the simulated wind, load and network conditions, 
the LDRC-only operation would bring about 197 actions of the tap changer. This 
is a large number of transitions and would cause quick wear-out of the tap contacts 
and therefore would increase maintenance costs. Combined AVPFC-LDRC operation 
reduced the tap changes to only 9 for the same simulated conditions. The reason for this 
reduction is that AVPFC is able to reduce voltage fluctuation due to wind variability 
below the OLTC action threshold, and therefore the OLTC needs only to follow the 
slow load variation. It should be mentioned that in the above simulations operation of 
the emulating circuit for the LDRC was assumed to be ideal. In reality, the (possible) 
inaccuracy in estimation of the receiving end voltage would require some extra margin 
between the LDRC and AVPFC deadbands to ensure that the AVPFC deadband is 
fully enclosed in the LDRC one. 
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Figure 5.25: Reactive power exchange from one AVPFC controlled WECS 
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Figure 5.26: Reactive power exchange from one AVPFC controlled WECS with line 
drop / rise compensation 
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Figure 5.27: OLTC tap position during the 4-hour simulation with the APFC 
controlled WECS 
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5.9 Summary 
In this chapter the need for an intelligent control strategy for distributed generators 
was discussed and two candidate solutions were proposed: a hybrid voltage / power 
factor controller and a fuzzy logic power factor controller. Both algorithms allowed 
extension of generator operating period in a weak network and therefore an increase 
of the revenue from energy export. This was illustrated by simulations of a DG in a 
radial network using a realistic local load pattern. It is possible to combine operation 
of OLTC transformers with the proposed intelligent generation controllers. The results 
of the combination appear to be improved when compared to individual generator 
or OLTC control. However, the developer should discuss with the DNO beforehand 
about the adoption of the AVPFC scheme because the generator's settings may conflict 
with those of the network equipment when in constant voltage mode. On the other 
hand, adoption of the Fuzzy Controller scheme can be straightforward, provided that 
the controller is set to operate within the voltage and power factor limits set by the 
machine specifications and the DNO. In the next chapter the two proposed algorithms 
will be tested in a real section of the Scottish distribution network in order to quantify 
the possible merit of their utilisation. 
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Chapter 6 
Case Study: Integrating New 
Generation in the Scottish DN 
6.1 Introduction 
This chapter presents a series of simulations of a real section of the Scottish distribution 
system, which prove that the proposed control strategies can (a) improve voltage 
profiles in a weak network and (b) increase the capacity of Embedded Generation 
in the Distribution Network. A number of simulations has been performed using 
both synchronous generators with a constant or slow-varying source and doubly fed 
induction generators with a very intermittent source (wind). Firstly, the operation of 
the test system including synchronous generators with and without intelligent control is 
presented. The second set of simulations includes transformers with OLTCs performing 
Line Rise Compensation. The effects of combining OLTCs with intelligent generators 
are discussed. Finally, wind generation is introduced to the system and the effects of 
primary source intermittency on network voltage are presented. 
6.2 Description of the Test System 
This section presents the system under consideration (shown in Figure 6.1), describes 
the operating conditions and stating the assumptions and simplifications used in the 
following simulations. This system is a part of the Scottish distribution network. It 
made of overhead lines and the loads follow a typical rural demand profile. The line 
data as well as the maximum load values were obtained by the DNO. It is assumed that 
the demand (shown in Figure 6.2 consists of 80% domestic and 20% industrial loads 
with a minimum of 30% of the maximum value on each bus and that all loads have 
constant and equal power factor (0.9). 
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Figure 6.1: The section of the Scottish distribution network used as a test system. The 
names of the buses are concealed. 
There are several transformers installed in the system under investigation, some of them 
serve as step-down transformers to reduce the voltage level from the 132kV of the bulk 
supply point down to 33kV and then further to 11kV, others re-adjust the bus voltages 
closer to the nominal values using fixed taps, and a few others are equipped with auto 
tap changers to provide a means of voltage regulation. By dynamically altering the 
voltage levels, the latter have the ability to assist power transfer from and to the far ends 
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Figure 6.2: Demand profile in the simulated network 
of the system, thus interfering with the action of the designed controllers. Therefore, 
in order to have a clear image of the controllers effects, automatic tap-changing on 
these transformers was disabled in some of the simulations. Unless otherwise stated, 
the results presented in this chapter are the outcomes of steady-state analysis, as the 
major concern here is energy capture and not the action of the controllers themselves, 
as this has been discussed in detail in the previous chapter. 
6.3 Operation of the Test System Without Use of 
OLTCs 
In order to have a clear image of the effects and the possible benefits of utilisation of 
intelligent control of distributed generators, the OLTCs of the test system have been 
disabled so that their operation will not affect the results of the simulations. In this 
section two sets of simulations are presented, one with the generators connected to 
11kV buses and one to the 33kV ones. Thus the difference in the performance of the 
generators when connected both to weak and stiff feeders is shown. 
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6.3.1 Generators on the 11kV System 
The 11kV network is more prone to voltage fluctuations and therefore has a lower 
capacity headroom. Simulations with the generators connected at 11kV show that 
voltage regulation can be assisted by utilisation of intelligent generator control, while 
the capacity that can be installed is increased. Figure 6.3 shows the voltage profile for 
24 hours of operation of the simulated network with an embedded generation of 2MW 
connected to bus GOUV5. 








'0 3 6 9 12 15 18 21 24 
time (hours) 
Figure 6.3: Voltage profiles of buses HERS3, HERS5 and GOUV5 after the connection 
of a 2MW generator at GOUVÔ operating in power factor control mode 
The generator is assumed to have constant power output and a power factor of 0.95 
(required by the DNO). It is obvious that under the traditional power factor control, 
the generator would cause an overvoltage on its bus that partially propagates to its 
neighbouring buses too. Although it does not reach the 1.06 Pu statutory limit, 
operating the generator at such high voltage is a risk, as any sudden change of the 
network parameters (loss of loads, feeder availability) would drive the voltage outside the 
1.06 Pu limit and would cause disconnection of the plant. Figure 6.4 shows the voltage 
profile for the same buses with the generator under AVPFC control. The controller 
settings are shown in Table 6.1. 
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Figure 6.4: Effect of operating the generator at GOUV5 in AVPFC mode on the 
voltage profiles of buses HERS3, HERS5 and GOUV5 
Vh9h: 1.03 Pu 
V: 0.97pu 
V a J,iand: 0.001 pu 
PFrei: 0.95 lagging 
PF: 0.99 leading 
PFmin: 0.9 lagging 
0.0005 
Table 6.1: AVPFC settings 
The controller allowed operation of the generator at lower voltages although only for 8 
hours below the 1.03 Pu setpoint. This was because for the rest of the time the generator 
had reached its reactive power capability, as shown in Figure 6.5 and therefore could 
not import more MVArs to reduce voltage. 
It should be noticed however that the voltage was reduced at the neighbouring buses 
too, which shows that intelligent generator control not only can have a positive effect 
at the generator bus, but may improve voltage quality throughout a larger area of the 
distribution network. 
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Figure 6.5: Power factor of generator at GOUV5 operating in AVPFC mode 
Figure 6.6 shows the operating voltage ranges for all the buses in the simulated system. 
For this simulation a 2.4MW synchronous generator operating at a constant 0.95 power 
factor was connected to bus 15 (GOUV5). The dark blue part of the bars represents 
undervoltage, light blue and red are the headrooms for undervoltage and overvoltage 
respectively, and finally yellow is the operating area for each bus. It is shown that 
voltage at GOUV5 is marginally at the limit for overvoltage, meaning that any further 
increase of the generating capacity on that bus (or its neighbouring ones, in electrical 
terms) will lead to overvoltage. Application of the fuzzy logic power factor controller 
(FLPFC) to the generator led to a reduction of the level and constraint of the range of 
voltages for all the buses that are electrically close to GOUV5. Figure 6.7 shows the 
voltage response of the network to the same generator, this time under control of an 
FLPFC with the volt - tan(o) characteristic of Figure 6.8. Therefore for the same load 
and network conditions, intelligent generation control improves voltage quality in the 
distribution system. 
173 ZI 24 
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Figure 6.6: Voltage range on all 20 buses with a 2.4MW generator connected to bus 
GOUV5 














0 2 4 6 8 10 12 14 16 18 20 
bus no 
Figure 6.7: Voltage ranges with the generator controlled by the fuzzy controller 
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Figure 6.8: Volt-tan(cb) characteristic of the FLPFC 
An alternative way to quantify the merit of utilising intelligent generation control in a 
distribution system, is to derive the increase of generator capacity before the voltage 
levels occurred when traditional power factor control was used. The size of the generator 
at bus GOUV5 was gradually increased until voltage reached 1.06 pu, as in the case of 
power factor controlled 2.4MW, 0.95 PF machine. Under FLPFC control, the voltage 
at bus GOUV5 reached 1.06 Pu for a capacity of 4.2MW, which represents an 1.8MW 
(or 75%) increase. This increase would not otherwise be possible to achieve, unless a 
network upgrade or installation of an OLTC transformer was performed. The resulting 
voltage ranges after the 1.8MW increase are shown in Figure 6.9. 
6.3.2 Generators on the 33kV System 
The 33kV network can accommodate larger capacity of distributed generation and the 
voltage fluctuation is less than in the 11kV grid. The simulations of the system with 
the generators connected at 33kV show that both in percentage and in absolute terms, 
the increase of capacity due to the use of intelligent generator control is greater than the 
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Figure 6.9: Voltage ranges with a 4.2MW generator under fuzzy control on bus 
GOUV5 
buses HERS3, HERS5 and STAL5 after the connection of an 8MW generator running 
at a constant 0.95 power factor, this time at bus HERS3. 
The first noteworthy point is that compared to Figure 6.3, equivalent voltage levels 
are observed with a generator with four times larger capacity. Secondly, although the 
voltage of the generator bus is not high (max. 1.024 pu), the voltage at the bus at the 
far end of the feeder (GOUV5) exceeds 1.05 pu. This could be resolved by upgrading 
the feeder or stepping down the transformers that feed GOUV5. However the former is 
an expensive solution and the latter implies that the generator will be always need to be 
connected and generating its rated power, which may not be the case for an embedded 
generator. Enabling AVPFC control of the generator reduces voltage at the generator 
bus as well as all the way down the feeder. The controller's characteristics are the same 
as in the 11kV case and are shown in Table 6.1. Figure 6.11 shows the effect of using 
the AVPFC on the voltage along the feeder. 
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Figure 6.10: Voltage profiles of buses HERS3, HERS5 and GOUV5 after the 
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Figure 6.11: Effect of operating the generator at HERS3 in AVPFC mode on the 
voltage profiles of buses HERS3, HERS5 and GO UV5 
This time the generator does not reach its excitation limit and is able to hold bus voltage 
at or below the 1.03 Pu setpoint for the whole period of the simulation. Figure 6.12 
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shows the power factor of the machine and can be observed that it does not need to 
go into leading (importing MVArs) to hold voltage. Installing a 14MW generator at 
bus HERS3 will cause voltage at bus HERS5 to rise up to the statutory voltage limit 
of 1.06 pu thus restricting access for further generation in the network. 










3 6 9 12 15 18 21 24 
time (hours) 
Figure 6.12: Power factor of generator at HERS3 operating in AVPFC mode 
The operating voltage ranges of the whole system are depicted in Figure 6.13. Use 
of a fuzzy power factor controller on the generator led to a reduction of the voltage 
level and range, more noticeably at bus GOUV5 but also in a lesser degree at all buses 
below HERS3. Figure 6.14 shows the new voltage ranges and it can be observed that 
bus GOUV5 voltage does not exceed 1.05 pu when the generator is assisted by the 
FLPFC. Being under FLPFC control, the capacity of the generator at bus HERS3 
can be further increased up to 36MW before a bus voltage in the simulated system 
(once again, GOUV5) hits the 1.06 pu limit. Compared to the 11kV case, the 22MW 
(or 157%) increase from the initial 14MW is more dramatic due to the fact that the 
generator bus is electrically closer to the bulk supply point and therefore the generated 
power can be easily exported to the slack bus. 
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Figure 6.13: Voltage range on all 20 buses with a 14MW generator connected to bus 
HERS3 
















Figure 6.14: Voltage ranges with the generator controlled by the fuzzy controller 
The resulting voltage ranges for the 20-bus system after the increase of the capacity of 
the generator at HERS3 are shown in Figure 6.15. One strange phenomenon is that the 
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Figure 6.15: Voltage ranges with a 36MW generator under fuzzy control on bus 
HERSS 
voltage ranges in some buses (no. 12-14, 16-20) are reduced, although with the increase 
of local generation capacity the opposite effect was expected. This can be explained as 
follows: both the minimum and the maximum value of these bus voltages tend to rise 
due to the increasing generating capacity, but due to its nonlinear nature, the fuzzy 
controller tries more aggressively to reduce higher voltages, therefore contracting the 
voltage range at the generator bus and consequently to all its neighbouring buses as 
well. 
6.4 Intelligent Generator Control and OLTCs in the 
Test System 
This section presents a series of simulations that compare and then combine intelligent 
generation control with OLTC operation in line rise/drop compensation mode. In all 
cases a 24 hour period was simulated, with a resolution of 5 seconds. It is shown that 
there is an improvement in voltage regulation as well as a reduction in tap changes, 
which in turn reduces the maintenance costs and increases lifetime of the tap changers. 
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6.4.1 Connection of a Small-Hydro Scheme with Synchronous 
Generator 
In this section the effects of connecting a Small-Hydro Generator (SHG) in the test 
system will be presented through simulation. The characteristic of SHG in power 
generation terms is that its output is relatively constant (assumed constant for the entire 
simulated period here) compared to wind generation. In that sense, this simulation 
could represent any SG-based power plant of that size. In the test system, the 
transformer that feeds bus HERS3 from the bulk supply point is equipped with an 
On-Line Tap Changer and it is set to perform line voltage drop/rise compensation 
across the feeder down to bus GOUV5. At that bus, a 2MW, 0.95 power factor SHG is 
connected. The OLTC settings are shown in Table 6.2 below. 
Vtarget: 1.03 Pu 
Vdeaand: 0.0125 pu 
number of taps: ±5 
time delay: 60 seconds 
Table 6.2: OLTC settings 
Operation of the generator in APFC mode without OLTC operation is shown in 
Figure 6.3. As it was seen in Section 6.3.1, the voltage on GOUV5 was very close 
to the overvoltage limit during the period of low demand. After enabling the OLTC, 
voltage was reduced to Vtarget ± Vdeacjl,and as shown in Figure 6.16. It should be noticed 
however, that the voltage at the upstream buses is not kept between limits, especially 
during the peak demand period. The voltage on GOUV5 is increased in order to remain 
within the operational band, but in order to compensate the voltage drop across the 
feeder, the voltage at the buses between the transformer and the controlled bus is 
increased even further. Figure 6.17 shows the tap changes, which add up to six. 
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Figure 6.16: Voltage profile of buses GOUV5, HERS5 and HERS3 with a 2MW 
synchronous generator at GOUV5 and LDRC operation 
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Figure 6.17: Tap transitions of the OLTC transformer 
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Figure 6.18 displays the resulting voltages on buses GOUV5, HERS5 and HERS3 from 
the combined use of AVPFC on the generator and LDRC on the transformer. The 
AVPFC settings for this simulation are shown in Table 6.3. The reactive power exchange 
of the generator (shown in Figure 6.19) was sufficient to keep voltage constant for most 
of the time that was needed. Only during the extreme states of demand (low at 00:30 
and high at 17:00) the MVAr limits of the generator were met. At these instances 
voltage could not be further controlled by the generator, and appropriate action of 
the OLTC brought it back within the specified area. The assistance of the AVPFC in 
voltage regulation is reflected to the number of tap changes, which is reduced to four. 
The total tap excursion was also reduced, from +1/-2 tap positions to +1/-i. The 
result of this reduction is that the voltage of the upstream buses experienced a smaller 
increase. 
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Figure 6.18: Voltage profiles for combined AVPFC and LDRC operation 
152 













SP 20—bus system: LDC ON 
time (hours) 
Figure 6.19: Tap transitions of the OLTC transformer with the generator under 
AVPFC control 
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Figure 6.20: Reactive power exchange or the generator under AVPFC control 
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Vh29h: 1.04 Pu 
V: 1.02pu 
0.001 Pu 
PFrei : 0.95 lagging 
PFmax: 0.99 leading 
PFmin: 0.9 lagging 
PF d: 0.0005 
Table 6.3: AVPFC settings 
6.4.2 Wind Generation in the Test System 
Intelligent generation control has also been applied to wind turbines equipped with 
Doubly Fed Induction Generators (DFIGs). In this section a simulation of the test 
system including a wind turbine with a DFIG connected on a weak bus is presented. The 
operation of the generator under constant power factor and automatic voltage/reactive 
power control is compared. Then, an OLTC transformer is set to perform line drop/rise 
compensation in order to further assist voltage regulation. Figures 6.21 to 6.28 show 
the simulation results of the operation, of a 2MW DFIG wind turbine at the same bus 
and under the same load conditions. 
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Figure 6.21: 24-hour voltage profile with the wind turbine operating in APFC 
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Figure 6.22: 24-hour voltage profile with the wind turbine operating under AVPFC 
control 
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Figure 6.24: 24-hour voltage profile with the wind turbine in APFC mode assisted by 
line drop/rise compensation 
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Figure 6.26: 24-hour voltage profile with the wind turbine operating under AVPFC 
control combined with LDRC 
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Figure 6.27: Reactive power exchange of the wind turbine operating under AVPFC 
control combined with LDRC 
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Figure 6.28: Tap changes throughout the 24-hour period with the generator in AVPFC 
mode 
The wind speed time series developed in Section 4.2.1 (Figure 4.4) was used as power 
source input. Figure 6.21 shows the voltage profile with the generator operating at a 
constant 0.98 power factor (lagging) and Figure 6.22 depicts the voltage profile for 
AVPFC operation. A first observation reveals that during mid-day, when average 
voltage is at about 1.04 pu (which is the overvoltage setting in the AVPFC), voltage 
fluctuation is reduced as there are short periods that it switches to constant voltage 
mode, but is not eliminated completely as there are other periods that it either operates 
in constant power factor mode, or it reaches the reactive power limits (see Figure 6.23). 
This improvement of the voltage profile due to AVPFC operation is also apparent in 
the neighbouring buses. 
Line voltage drop/rise compensation through the OLTC transformer reduced the overall 
range of voltage at bus GOUV5, but did no good to the short-term variability. In 
addition, there is a notable alteration of the voltage profile of the middle buses due to 
tap excursion, which was +2/-2 tap positions and is shown in Figure 6.25. 
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Combination of AVPFC and LDRC once again brought about an improved overall 
performance of the system than the individual control cases. Compared to AVPFConly, 
the voltage at the controlled bus was always kept within the OLTC bandwidth of 
±0.0125pu, and compared to LDRC-only, the combination resulted in a reduced number 
of tap changes (6 instead of 12, shown in Figure 6.28). 
6.5 Comparison of Intelligent Generator Control 
with Central "Active" Network Management 
Credits: This section describes work done in cooperation with Mr Panagis Vovos and Mr 
Robert Barrie. As a part of his MEng project [96], Mr Barrie embedded the intelligent 
generation control algorithms into a capacity allocation program based on Optimal Power 
Flow (OPF), which was developed by Mr Vovos. Under the supervision of Dr Gareth 
Harrison and the guidance of Mr Vovos and the author, Mr Barrie set up the simulations 
and obtained the results presented here. 
Voltage control in the distribution system might be achieved by central control, in a 
similar way that is performed in the transmission system. Distributed generators could 
have their real and reactive power centrally dispatched, so that the voltage profile 
throughout the distribution network is flattened. Although traditionally the DN was 
passively managed, there is now a great interest in active DN management, primarily 
due to the expansion of distributed generation [97-100]. For obvious reasons, this only 
concerns generation types that have a predictable and controllable output such as small 
hydro, biomass etc. Active distribution network management is a promising technology, 
however its uptake is expected to be slow due to the telecommunications and automation 
infrastructure that is required, and the associated technical and economic difficulties 
involved. 
In theory, under the assumption of perfect telecoms and infinite availability of 
information on the conditions throughout the network, the optimal operating regimes 
for all the connected generators could be estimated at a central point (the control 
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centre) and then transmitted to them. A capacity allocation program based on 
Optimal Power Flow, originally presented in [1011 was used to simulate central control 
and dispatch of the DGs. A novelty of the particular program is that it has the 
additional functionality to consider ,constraints imposed by protection equipment. 
Inclusion of the intelligent DG control algorithms to the program, allowed comparison 
between central voltage control (CVC) of conventionally operating DGs, and DGs 
under AVPFC or FLPFC control (collectively termed "IntelliGens"). The methodology 
that allowed inclusion of the DG control algorithms into tho capacity allocation 
program is described in [96, 102, 103]. 
An OPF algorithm estimates the values for system variables such that an operational 
criterion is minimised. Several constraints can be imposed mathematically to bound 
the solution within feasible technical and economic limits. A cost function is assigned to 
each generator, which represents a "preference factor" according to which a generator is 
favoured against the others. A series of simulations was carried out in order to compare 
the benefits of CVC and IntelliGens in terms of capacity increase compared to normal 
APFC operation of the distributed generators. The network depicted in Figure 6.29 
was used as a test base for the simulations. 
The bulk supply point (BSP) is considered as a slack bus and is located at bus 12. The 
network is fed by the BSP through a 90MVA OLTC transformer with 8 steps that holds 
voltage within ±2% of the nominal value. The controlled generators are connected at 
buses 1, 10 and 11 through three 30MVA transformers with fixed taps. There is also 
a 15MW, 10MVAr (max.) generator connected at bus 5. The loads in the network 
are considered static and their values are shown in Figure 6.29. The network operates 
at 33kV, except for the BSP which is 132kV and the generator buses (11kv). The 
transformers and lines characteristics are given in Table 6.4. 
It is assumed that the network can exchange 100MW/60MVAr with the transmission 
grid through the BSP without any effect on its operation and that line 2-5 and 4-9 
are constrained by a thermal limit of 14MVA and 40 MVA respectively. The power 
factor setpoint of the generators is set at 0.9 lagging, and the range is 0.9 lagging to 
0.9 leading. The IntelliGens operate in power factor control until voltage reaches the 
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Figure 6.29: The distribution network used in the OPF simulations 
threshold of 1.05 pu, where they switch to voltage control. Finally, it is assumed that 
there is no preference to any of the three controlled generators (their cost functions are 
identical). 
The results of the simulations with the generators under APFC, intelligent and CVC 
control are shown in Table 6.5. The first observation is that intelligent and CVC 
control roughly doubled the installed capacity compared to the traditional APFC 
generators. However, the most important outcome of this comparison is that the 
acceptable total capacities for the IntelliGens and CVC cases are very close (with the 
CVC higher by 11.1MVA, or 12.3%). This small difference, compared to the cost and 
technical difficulties related to central voltage control, may justify the utilisation of 
decentralised "intelligent" control against central "active" control. It should also be 
noted, though, that this great increase in the installed capacity has the sideffect of an 
almost tenfold increase of losses. Currently, the DNOs do not take losses into account 
when determining generator capacities, but with the increase of DG which is expected 
in the near future, this may become a serious problem. 
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Type Buses R X B Therm. Limit 
(pu) (pu) (pu) (MVA) 
trans. 1-2 0.00 0.3 0.00 30 
line 2-3 0.48 0.3 0.0008 00 
line 2-5 0.24 0.15 0.0004 oo 
line 2-6 0.72 0.45 0.001 oo 
line 3-4 0.64 0.4 0.001 00 
line 3-6 0.64 0.4 0.001 00 
line 4-6 0.48 0.3 0.0008 oo 
line 4-9 0.66 0.35 0.0009 40 
trans. 4-10 0.00 0.25 0.00 30 
line 5-7 0.688 0.43 0.0006 00 
line' 6-8 0.768 0.48 0.00 00 
line 7-8 0.56 0.35 0.0008 00 
trans. 7-11 0.00 0.3 0.00 30 
line 8-9 0.768 0.48 0.00 00 
trans. 9-12 0.00 0.1 0.00 90 
Table 6.4: Line and transformer characteristics for the network in Figure 6.29 
APFC IntelliGens CVC 
Gen © bus 1 20.OMVA, 0.9 lag 36.6MVA, 0.98 lead 33.7MVA, 0.9 lead 
Gen © bus 10 3.7MVA, 0.9 lag 7MVA, 0.9 lag 20.8MVA, 0.95 lag 
Gen © bus 11 16.9MVA, 0.9 lag 35.2MVA, 0.97 lead 35.5MVA, 0.98 lead 
BSP -16.5MW -29.7MW -34.0MW 
Total 40.6MVA 78.9MVA 90.OMVA 
Losses 3.9MW 30.7MW 34.7MW 
Table 6.5: Capacity allocation from the optimal power flow for APFC, IntelliGens and 
CVC with the fault level constraints considered 
6.6 Summary 
Distribution networks impose serious constraints in the development and operation of 
distributed and renewable generation. This chapter used a model of an actual section 
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of the Scottish distribution network to validate the proposed control strategies. The 
test network has the typical characteristics of a weak rural system. It has a radial 
topology and can accommodate a small capacity of generation, mainly due to voltage 
constraints. These characteristics make it an ideal test bed for the assessment of DC 
operation and the performance of DG control strategies. Through simulations it was 
demonstrated that adoption of the proposed intelligent generator control techniques 
may lead to an increase of the generating capacity that may be accommodated in a 
weak distribution network, and / or an improvement of voltage profiles. Further, it was 
shown that although OLTC control is an attractive method for voltage regulation, 
in distribution systems, combination with intelligent generator control may further 
improve its performance. This becomes more apparent in the case of wind generation, 
as the OLTC action is not fast enough to mitigate the voltage fluctuations due to wind 
variability. Finally, simulations using a capacity allocation program based on optimal 
power flow incorporating fault level constraints, showed that the increase in DC capacity 
by using intelligent generator control is comparable to the increase that can be achieved 
if active DN management is utilised. Given the technical and economical burden of the 




Discussion and Conclusions 
7.1 Thesis Summary 
This thesis was structured as following. After the introduction, the problem of voltage 
variation in the distribution network was discussed. Then, detailed modelling of the DN, 
small hydro and wind generators was presented. Two possible methods of mitigation 
were proposed, and finally these algorithms were evaluated in a simulation of a test 
network. Particularly: 
In Chapter 1 an introduction to this work was given. First, the background of 
the research was presented. Sustainable energy systems were discussed from a global 
perspective, and then the current state of renewable and distributed energy resources 
in the UK was described. An overview of the RNET project was given, and the 
chapter closed with the thesis statement, the contribution to knowledge and the project 
deliverables. 
Chapter 2 introduced the issues regarding embedded and renewable generation in the 
DN. This was achieved through a presentation of the current regulations that govern 
the connection of ERG in the UK, a description of the distribution network structure 
and the effect of various network parameters on voltage. Finally, the chapter ended 
with a discussion of the voltage control hierarchy in the distribution network. 
In Chapter 3 a model of a small hydro scheme within a distribution network was 
constructed. This started with an overview of the design considerations of a SHG 
and continued with the description of the mathematical model of each component of 
the SHG. The described model was based on a synchronous generator and two typical 
methods of SG control were discussed: automatic voltage control and automatic power 
factor control. The operational limits of the synchronous generator were shown by 
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means of the 3D "composite" capability diagram. Then, the model of the distribution 
system including on-line tap changing transformers was presented. The functionality 
of the full model was presented through a series of simulations. 
The complete wind-to-wire dynamic model of a wind energy conversion system based on 
a doubly fed induction generator was presented in Chapter 4. The aspects of WECS 
modelling were discussed and then wind characteristics and modelling were presented. 
Then, an analysis of the mathematical model of the turbine, the generator and the 
controls was performed. The chapter closed with a series of simulation results with 
the WECS operating with varying wind speed and under automatic power factor, and 
automatic voltage control. 
Chapter 5 presented the developed intelligent generator control control algorithms. 
The need for intelligent control was illustrated using the universal power circle diagram 
for the distribution network and the dynamic "composite" capability diagram of the 
synchronous generator. A brief introduction to artificially intelligent controllers was 
done, and then the automatic voltage/power factor controller, an expert system, was 
described. Operation of the AVPFC was illustrated through a simulation of a small 
hydro generator operating under AVPFC control. A second controller based on fuzzy 
logic, the fuzzy logic power factor controller, was then discussed. Its operation was also 
demonstrated using the same simulation as in the case of AVPFC. Both controllers' 
performance in voltage regulation was compared to the one of the traditional techniques. 
Their performance was then tested using a varying local load, and the final test was 
carried out with a WECS operating with varying wind conditions. It was then shown 
that coordination of intelligent generator control and OLTC operation is possible and 
reduces tap operations. The final part of Chapter 5 presented a further upgrade of the 
fuzzy controller, where real power generation of the WECS was also adjusted by means 
of a fuzzy controller, with the objective of voltage regulation. 
In Chapter 6 a section of the Scottish distribution network was used as a test bed for 
a real-life assessment of the performance and the advantages of intelligent controllers 
utilisation. Operation of the system with, and without OLTCs in use was investigated, 
and the developed algorithms were compared to normal DG operation. In each case, 
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the benefits of utilising intelligent generator control on voltage regulation and installed 
capacity increase were shown. The tests involved connection of generators to both 11kV 
and 33kV buses. 
Chapter 7 summarises the thesis, includes a discussion on the findings and draws the 
overall conclusions. 
7.2 Areas of Activity 
This work included three main areas of activity: 
L development of two source-to-wire dynamic models of forms of generation that 
classify as 'distributed'; namely small-hydro schemes and wind energy conversion 
systems; 
development of strategies and algorithms for controlling synchronous and 
induction DG to maximise capacity and energy production, with minimum 
network impact; 
validation of the proposed control systems on DG in a representative distribution 
network. 
Experience and extensive simulations identify that DG capacity in rural networks is 
most frequently limited by voltage violation, where and when the generator usually 
operates in constant power factor mode. DGs must operate within voltage envelopes to 
gain access and, once connected, to avoid protection shutdown, loss of production and 
revenue. The operational envelope is constant and pro-defined by the power factor limits 
of the generator and the voltage limits set by the DNO and system conditions. The 
DG operating point is dynamic and varies with changing local power flows, network 
configuration (action of transformer on-load tap changers, network re-configuration 
etc.) and prime mover input. The relatively high impedance of radial feeders in the 
distribution network exaggerates the effects of these changes on voltage level. This work 
developed a control mode for continuous DG operation within the operational envelope. 
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7.3 Discussion of the Research Outcomes 
The outcomes of this research can be broken into two sections: distributed generation 
and network modelling, and intelligent generation control algorithm development. The 
following sections discuss the findings. 
7.3.1 Distributed Generation and Network Modelling 
Steady-state and dynamic models of a small-hydro generating plant and an active 
pitch-controlled Wind energy conversion system utilising a doubly fed induction 
generator were constructed in Matlab and Simulink. The developed models were 
built according to widely accepted bibliography and their results matched those of 
the originals. The original and novel modes of operation proposed (AVPFC and fuzzy 
logic PF control) were incorporated and their operation was tested in several weak 
networks, including a simple two-bus system, a radial network and a section of the 
test system. The variations of voltage under real load profiles and the response of the 
system to increasing capacities of DG were studied. The studies confirm that the new 
control modes developed in this work can effectively mitigate the impact of DG on the 
network. 
7.3.2 Intelligent Generation Control Algorithm Development 
Extension of the synchronous machine capability diagram on the network to the 
three-dimensional space P-Q-V enabled projection of the network voltage response to 
varying P and Q and generated a 3D surface locus of acceptable operation of the machine 
for every possible network condition. Adding the DNO voltage constraints as horizontal 
surfaces identified the allowable operational regime for the DO. The initial approach 
to the problem was to use an extension of the traditional excitation control system to 
constrain the operation of the machine within voltage and power factor limits. The 
novel controller developed smooth transfers from power factor to voltage control (PFC 
to AVC) or back dependent on network conditions. It is implemented as an algorithm 
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operating on voltage and mechanical power set-points and is termed Auto-voltage Power 
Factor Control (AVPFC). The controller enables greater export during low demand 
periods and can also provide voltage support at times of high demand. Extensive 
simulations compared operation of a water-turbine driven synchronous generator using 
only a PFC system and with the new AVPFC scheme. Under PFC, the voltage rose 
above the upper statutory limit during periods of low demand and in consequence 
the generator was disconnected with significant loss of production. Secondly, excessive 
local demand drew voltage below the lower voltage limit, and under-voltage protection 
disconnected the DG when it might have provided voltage support. In AVPFC, however, 
the voltage was continuously maintained within statutory limits, allowing the DG to 
remain connected. While PFC used to be obligatory, some DNOs may now permit 
voltage controlled operation for DGs at weak parts of the network for voltage support. 
This has to be evaluated carefully as the behaviour larger DGs can cause network 
voltage control systems to operate in response. However, the combination of power 
factor control together with voltage control of DGs may offer significant benefit to 
developers if it enables acceptable access to weak areas of the network and allows 
continuous operation of the plant when co-ordinated with varying local demand. 
Further development led to a fuzzy control system where the generator operates 
constantly in PFC mode, but the fuzzy controller alters the power factor set point 
in response to the terminal voltage of the generator. The whole control system has 
the effect of applying a non-linear voltage droop to the machine. Simulations of a 
synchronous generator and a variable speed, pitch-controlled Wind Energy Conversion 
System (WECS) with a Doubly Fed Induction Generator (DFIG), operating under the 
control of the fuzzy system has demonstrated that, in both cases, the voltage not only 
remained within the statutory limits for longer periods than with the conventional 
power factor control, but its distribution was more concentrated around the nominal 
value, thus improving the overall voltage quality. 
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7.4 Contribution to Knowledge, Novelty and 
Potential Impact of Study 
This work made a contribution to knowledge through: 
L introduction of a holistic approach for the determination of the generator's 
acceptable operating area, taking into account both network and plant induced 
constraints; 
development of intelligent generator control techniques for synchronous and 
induction DG to enhance network integration and maximise capacity of new 
plant that can connect; 
demonstration of a method to combine network and generator voltage control that 
overcomes the widely known problems due to their co-existence; and 
validation of the proposed control systems on representative distribution networks. 
While automatic voltage and automatic power factor control are well-established modes 
of operation, this combination of the two using an expert system to change from one 
to the other according to network conditions is a novel technique. Furthermore, the 
proposed use of fuzzy logic to adjust the power factor setpoint of an APFC (collectively 
termed "FLPFC") for the purpose of minimising voltage fluctuation and increasing 
capacity has not been discussed elsewhere. 
The application and uptake of these outcomes has increased the available understanding, 
methodologies, software tools and techniques that quantify and mitigate the effects of 
DG on the distribution network. The major impact will be the wider development and 
network integration of distributed generation. An additional benefit is the opportunity 
for further research to extend and expand to three dimensions the applications of the 
proposed control algorithms: 
Depth: Perform further study of the intelligent generation control by building a 
prototype and evaluate its operation in an emulated distribution system. Several 
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generator manufacturers have shown interest in this prospect. A project proposal 
is planned and an application for a 'Proof of Concept' grant will be submitted for 
that purpose. 
• Width: Use the same philosophy to mitigate other DG-related issues such as the 
effect of distributed generation to system stability. Work towards this direction 
is already under way within the 'SUPERGEN' research project, supported by the 
Engineering & Physical Sciences Research Council, which the Institute of Energy 
Systems is participating through work done by Prof. Janusz Bialek. 
• Extent: Investigate the application of intelligent generation control to further 
kinds of distributed and/or renewable generation. This workpath is also being 
explored by IES mainly through the author's work within the 'SUPERGEN 
Marine' research project (led by Dr Robin Wallace), also supported by EPSRC. 
This study is the fourth out of thirteen work packages of the project and 
investigates how intelligent generation control can be applied to wave and tidal 
energy converters, as well as its potential effect as a means of assisting the 
development and uptake of marine energy. 
Finally, this work generated 6 journal publications, 5 conference papers and a lecture 
in an TEE seminar. All these documents can be found in Appendix A. 
7.5 Beneficiaries of this Work 
There are many potential beneficiaries of this research, from society at large to specific 
sections of the industrial and academic community. The dissemination and transfer 
of the results of this work, and knowledge gained, may be applied within the UK 
and other countries committed to reducing carbon flows in the energy supply chain. 
Developing countries may use the developed strategies to supply electricity in areas 
where the distribution network is under-developed. Increased uptake of renewable 
energy generation will enable CO2 reductions and environmental improvements that 
will increase the quality of life and preserve natural resources. The expanded markets 
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for new DG plant and their subsequent operation will lead to increased levels of business 
and employment, ideally indigenous to the areas under development. DNOs will be 
able to provide wider and greater network access for DG at lower associated cost. This 
will benefit economically the developers and DNOs and increase the sustainability of 
distributed renewable generation. Finally the industrial collaborators have had access 
and input to evolving methodologies and tools that they can apply to their benefit. 
7.6 Suggestions and Further Improvements 
It is possible that the proposed control strategies may introduce some problems. As 
already mentioned, the amount of voltage regulation that a particular generator can 
achieve depends on the network characteristics above the point of connection, the rating 
and the type of the generator. It is therefore possible that the required reactive power 
to compensate over- or undervoltage is close to, or above the capability of the machine. 
In such cases excitation limiters should be carefully set as the generator may overheat 
if adequate counter measures are not taken. This will consequently increase the wear 
on the machine and hence the maintenance costs. Overheating is expected to be more 
prominent in DFIGs, as their reactive power capability is more constrained than with 
the synchronous machines. Typical design power factor limits of the latter are 0.8 
lagging to 0.9 leading, which are well outside the DNOs requirements therefore are 
more difficult to be met. Additionally, overheating due to high reactive power exchange 
may appear at the power electronic converter that feeds the rotor circuit of the DFIG. 
By (partially) solving the voltage rise issue the next problems that may arise from the 
network point of view are the increased losses (especially in weak networks) as an effect 
of the increased power transfer, as well as overloading of the system especially during 
high demand periods, when the generator will try to export high reactive power. The 
(imported) real and (exported) reactive power add up vectorially and may reach the 
feeders' and transformers' ratings. 
Another potential problem is the poor coordination between intelligently controlled 
generators or between generators and network voltage control devices. This can be 
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more serious in the case of AVPFC when it operates in voltage control mode. Therefore 
care must be taken so that both network voltage controllers and generator adhere to 
the setpoints agreed between the DNO and the developer. This is less important with 
the FLPFC as an FLPFC controlled generator is essentially still under power factor 
control (therefore terminal voltage is allowed to vary in order to allow reactive power 
sharing). 
There are also some potential improvements that can be made to the proposed control 
strategies. In extreme situations when voltage cannot be kept within the statutory limits 
by using solely power factor control, the output of the generator could be reduced. This 
may not be possible in schemes such as some heat-led CHP units, but it is possible in 
others, such as small hydro or wind turbines. In effect this implies decomposition of the 
generator to a decoupled pair of real and reactive power sources. The effect of reducing 
real power output on voltage regulation can be very significant in networks with high 
resistance. However, this comes at the expense of reduced revenue when compared to 
a generator of the same size with fixed output. 
Additionally, in the case of wind generation (as well as other intermittent sources), 
further voltage regulation could be achieved by means of intermediate energy storage. 
Mechanical power could be stored temporarily before it is fed to the electric network, 
thus removing the transient effects of the primary source. A possible means of 
intermediate storage could be hydraulic accumulators connected via pump/motor pairs. 
7.7 Overall Conclusions 
There is a global movement towards the reduction of fossil fueled generation of electricity 
and the increase of renewable energy resources uptake. The drivers of this trend are 
economical, political and environmental. Current oil prices are reaching $60 per barrel 
and rising. Countries that are not major fossil fuel producers seek to reduce their 
dependency on oil. National and international regulations are also being set in order to 
promote reduction of greenhouse gases. Increased utilisation of RES (and replacement 
of fossil fuel fired power plants) is a step towards that direction. However this means 
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that central, conventional generation will give its place to distributed generation, 
often powered by intermittent, unpredictable (and therefore non-dispatchable) energy 
sources, such as wind, small hydro, marine etc. 
Increased generation capacity in the distribution network is expected (and already 
experienced) to introduce several technical and operational problems to both the 
network operators and the potential developers. The most prominent of these problems 
is voltage fluctuation due to variation of the energy source and the local power demand. 
The fact that the distribution network is weak (high resistance and low X/R ratio), 
particularly close to its remote ends, augments the fluctuation of voltage, and this brings 
about the need for an alternative operation of both the network and the generator. 
Distributed generation plants with inherently varying output such as wind farms, small 
hydro schemes and others, should not be considered as firm (guaranteed) capacity 
since they cannot be centrally dispatched according to the demand, but rather as 
energy sources, which should be controlled with the objective to best accommodate 
their varying output and reduce their impact on the system. 
The traditional control methods for the generators, such as automatic power factor 
and automatic voltage control may not suffice for optimal operation of distributed 
generation. This can be verified by the results of simulations of DG operation in weak 
networks. A set of distributed generation models (small hydro and wind) illustrated 
the effect of such plants on voltage profile. These models were used as a base for 
development of novel control techniques that would reduce voltage fluctuation. The 
developed algorithms allowed connection of larger generating capacity in the network 
before the statutory overvoltage limits were hit, and at the same time the overall 
quality of supply was improved, as voltage fluctuation was reduced, when compared 
to automatic power factor control. Additionally, the developed controllers were able 
to assist voltage regulation when the demand/generation ratio was high and the 
undervoltage limits would otherwise be hit. However, their ability is constrained 
by the reactive power generation capability of the plant. Therefore directly coupled 
synchronous generators (with no power electronic converter in the middle) will have 
better performance than doubly fed induction machines, as the latter have a smaller 
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reactive power capability. In terms of reactive power flow (and consequently loading of 
the generator and the network), the developed algorithms were shown to have superior 
performance than the automatic voltage control, as they featured lower MVAr import to• 
/ export from the generator, while they also allowed cooperation with network voltage 
control devices such as on line tap changing transformers. However, combination and 
coordination of the two should be discussed in advance between the developer and the 
network operator. 
The proposed control strategies can be an alternative to centrally operated, active 
network management as they are able to exploit network resources without the need of 
dedicated communication links. 
7.8 Thesis Statement 
The original thesis statement as expressed in Section 1.7 was that: "Intelligent voltage 
and reactive power control algorithms of small-scale generators, which are connected 
to weak distribution networks, can allow increase of their capacity before the statutory 
voltage limits for quality of supply are violated." 
This work showed that the above thesis statement is true by proposing two candidate 
control strategies and proving that they can assist network integration of distributed 
generation through a series of simulations of their operation in a test network. 
Application of these control algorithms to synchronous generator based small-hydro 
schemes as well as wind turbines and farms featuring doubly fed induction machines, 
was shown to have a positive impact on capacity and overall voltage quality within the 
distribution network. - 
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Maximising energy capture from distributed 
generators in weak networks 
,.E. Kiprakis and A.R. Wallace 
Abstract The paper discusses the implications of the increasing capacity of synchronous 
generators at the remote ends of rural distribution networks where the line resistances are high 
and the X/R ratios are low. Local voltage variation is specifically examined and two methods of 
compensation are proposed. The first of them is a deterministic system that uses a set of rules to 
switch intelligently between voltage and power factor control modes, while the second is based on a 
fuzzy inference system that adjusts the reference setting of the automatic power factor controller in 
response to the terminal voltage. Extensive simulations have verified that the proposed approaches 
may increase the export of real power while maintaining voltage within the statutory limits. 
Introduction 
lectricity generation from renewable energy sources is 
onsidered as a solution for environmental pollution, global 
farming and the rapid depletion of fossil fuels. Govern-
ients throughout the world have generated a number of 
icentives to. motivate development of renewable energy 
RE) resources including small-hydro and combined heat 
nd power (CHP) plants. A typical example is the UK, 
there the Renewables Obligation sets a target that by 2010 
0% of total electricity supplied should be from RE plant. 
a absolute terms this implies connection of around 
000 MW of new distributed generator (DO) plant every 
ear [I]. in most countries, a great amount of this new 
eneration (especially RE) is typically found in remote rural 
reas where the loads are low, the distribution network 
DN) is medium or even low voltage and designed for a 
nidirectional, downstream flow of energy [2]. The steady-
Late, slow and transient variations of voltage levels related 
) the connection of a DG can lead to undesired operation 
I voltage control equipment on transformers at the primary 
iibstations of the network. A net reversal of power flow in 
ne, due to the presence of a DO, can cause unacceptable 
oltage variations and the distribution network operator 
DNO) will then require that the DG be disconnected [3]. 
Operation of DOs under constant voltage or constant 
ower factor (PF) mode, as required by most DNOs, may 
reate a need for network reinforcement, to reduce voltage 
ariation, and the cost of this work may be attributed to the 
onnection costs of the DO. This may make potential 
themes less attractive or even impossible to implement [2, 
]. Recent developments involving mixed voltage/PF 
ontrol have shown that by intelligently controlling 
ynchronous generators (SOs), voltage variations can be 
iitigated and reinforcement may be avoided [3]. Utilisation 
I a fuzzy-logic (FL) controller to control the DO may also 
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prove to be a means of reducing or deferring network 
reinforcement. 
2 Impact of increased dispersed generation in w-
eak rural networks 
At the moment, the distribution networks in all the 
industrialised countries are operated with minimal active 
control as a unidirectional energy path. The same applies 
for the UK, where the distribution network has been 
significantly extended during the last 50 years, but its 
structure and operation has remained largely unchanged [4]. 
Energy is conveyed from the bulk supply points (connec-
tions to the transmission grid) towards the far ends of the 





0.05 p.u. [ 






















Fig. 1 Radially tapered network 
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Moving away from the primary substation the loads 
become smaller and this has allowed the DNOs to use 
conductors of decreasing cross-sectional area in order to 
reduce network development costs. However, this means 
that the network resistance R per kilometre increases. This 
has serious implications for the development of DG projects 
located close to the remote ends of the DN as the increased 
resistance will exaggerate the variation of voltage due to 
generated power export. In an 11 kV radially tapered 
network, such as the one shown in Fig. 1, the busbar 
voltages in per unit are derived from the equation: 
n 
= - 
(Ri + JXk ) (Pk+I - jQk+l) P.U. (1) 
Ic=I k+I 
order to ensure quality of supply, DNOs impose limits 
the allowable voltage levels throughout the network. In 
UK, the statutory limit on the 11 kV network is ±6%. 
ie voltage profile of the network of Fig. 1 when the 
nerator on busbar 4 is disconected is shown in Fig. 2a. It 
obvious that, although the loads are equal, the voltage 
dient increases towards the end of the line, due to the 
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Fig. 2 Voltage profile of the radially tapered network 
Connection of the 20 MW generator operating at 0.9 
lagging constant power factor on busbar 4 would alter the 
voltage profile of the line as shown in Fig. 2b. The voltages 
on busbar 4, as well as the neighbouring busbars 3 and 5, 
are outside the allowable range. To remain connected, the 
generator should decrease its output to 0.5 p.u. in order to 
bring the voltage back within the statutory limits. Other 
than network reinforcement, alternative measures to 
accommodate the added DG capacity could include [5]: 
2.1 Operating DG at leading power factor 
Voltage rise may be mitigated, to some extent, by operating 
at or below unity power factor, but the need to import 
excessive reactive power would have to be discussed with 
the DNO. 
.2 Lowering primary substation voltage 
he DNO can reduce the setpoint voltage at the primary 
ibstation reducing all voltages further down the feeder. 
[owever, owing to the variability of the RE sources and 
ondispatched nature of the DGs, the possibility of loss of 
nerator cannot be neglected. Should this happen, the 
)ltages would be further reduced, perhaps below the 
atutory limits. 
2.3 Operating DG in constant voltage mode 
Disallowed by most DNOs until recently, operating in 
voltage control mode may help to maintain voltages within 
acceptable levels, but the voltage dictated by the DG may 
lead to conflicts of control with the DNO's transformer 
auto tap-changer settings. 
3 Automatic voltage/power factor controller 
Considering a basic 2-busbar system such as the one shown 
in Fig. 3, the operating constraints that the network 
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voltage and power factor values) are shown in the voltage 
vector diagram of Fig. 4. 
In this diagram V,,,,,, and V,,,. are the minimum and 
maximum acceptable voltages and PFm,,, and PF,,,,,, are the 
lines of constant minimum and maximum power factor, 
respectively. The allowable area of operation is the 
shadowed region between these boundaries. The block 
diagram of a possible system that restricts operation of the 
synchronous generator within the shadowed area is shown 
in Fig. 5. 
Details of excitation systems and synchronous machine 
modelling have been presented extensively in [6-8] and will 
not be discussed here. 
After synchronisation, the DG could be brought 
towards capacity in constant power factor mode (travelling 
out on its constant power factor line) until the busbar 
voltage exceeded a predefined threshold voltage within the 
statutory limits. At that point APFC could be replaced with 
AVC to vary excitation and move the operating point 
around the constant voltage circle within the busbar 
overvoltage limit. Increased local load and reduction in 
terminal voltage could take the system back into APFC by 
sensing the increased demand for - reactive power and, 
therefore, the reduction of power factor. Variations 
in network impedance would have a similar effect. This 
12 lEE Proc.-Gener. Transni. Distrib., Vol 151, No. 5, September 2004 
PFmax  
Table 1: AVPFC mode selection rules set 
V22-5V8 VB<V2<VT V7-5V2 
PF:!~ PFB  V1 PFF f  PF 
PF8< PF< PFT  V1 PFF f  V1 , 
PF7--_-~ PF PF PF,, Vh 




PFB = PF - PFD 
and 
PFT = PF + PFD 
'• 
Vrnax 
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tan(q,) I tan(p) 
I estimation 
5 A vPFç.controlled synchronous generator block diagram 
ystem would also enable voltage support at times of 
heavy local demand. On reaching a voltage just above 
e undervoltage limit the excitation system would be 
ransferred to AVC, to maintain local voltage. Excitation 
under- and overvoltage and overcurrent protection should 
protect the DG excitation and control system against 
prolonged forcing. When AVC is active the APFC module 
is disengaged, otherwise the nonzero power factor error 
signal would saturate the integrator of the internal PID 
compensator. 
3.1 Determination of AVPFC mode 
selection rule set 
The control block in Fig. 5 is responsible for the 
control mode decision making. The system will attempt to 
regulate the DG operation around one of three possible 
setpoints: the power factor setting PFr , and the high-
or low-voltage setting Vh  and V,, respectively. Table 1 
shows the heuristics of the control algorithm, the 
reference value which is applied to the controller for 
every combination of voltage and power factor 
conditions. In order to prevent hunting, a deadband 
exists around the decision thresholds. Voltage 
deadband is, annotated as VD and power factor  
When voltage is within the statutory limits, the DG is in 
APFC mode and tries to set the power factor at PFref 
When a voltage higher than VT is detected and at the same 
time the power factor is equal to or higher than PFB, the 
controller will switch to AVC and will try to adjust V2 to 
Vh. However, if the power factor is lower than PFB the 
controller will operate in APFC, because its attempt to raise 
the power factor will result in lowering the terminal voltage 
(and' thus the exported reactive power).This way it is 
ensured that the system will never lock into one of its states. 
The inverse procedure is followed when the terminal voltage 
is lower than VB. 
3.2 Performance of DG under AVPFC 
control 
In order to test model validity, the process of generator 
load-up was simulated under AVPFC control and the 
results compared with those under AVC and APFC modes. 
The radial test network in Fig. 3 was used with its 
characteristics shown in Table 2. 
The results of the DG loading-up, postsynchronisation, 
are shown in Fig. 6. In this (hypothetical) case, local power 
demand is sufficiently high to result in the voltage at busbar 
Table 2: Test system date 
Network date 
Machine size 10MW 
Load size PL, QL 4MW, 3 MVAr 
Line resistance R 0.123 p.u. 
Line reactance X 0.099 P.U. 
Network voltage V1 1.0p.u. 
Base voltage V 11 kV 
Base power S 10MVA 
AVPFC date 
Vh 1.03 p.u. 
V1 0.97 p.u. 
V8  0.0025 p.u. 
PF 0.9 lagging 
PF8  0.0025 
AVC date 
PF 0.9 lagging 
AVC date 
Vmf 1.03 p.u. 
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(Va) lying below the 0.94p.u. limit. Normally, however, 
DNOs would ensure that voltage remained within statutory 
limits prior to connection. In the initial stages of load-up 
Q:5 45 s), local power demand exceeds DG output, and, in 
the case of the APFC-controlled DG, is sufficiently high to 
result in voltage V2 being below 0.94p.u. (a hypothetical 
situation as, in general, DNOs would ensure voltage 
remained within statutory limits prior to connection). 
During the same period, a fixed-voltage AVC-controlled 
generator would try to hold voltage at the 1.03 p.u. 
reference voltage leading to significant reactive power 
generation and a fall in the power factor, wherein the DG 
excitation protection devices would shut the plant down. 
The AVPFC controller responded by fixing the terminal 
voltage at 0.97 p.u. The low power factor would cause the 
protection devices to shut the generator down, albeit for a 
significantly shorter time than in the AVC case. Between 
t = 45s and I = 125 s the AVPFC operated the generator in 
constant power factor mode as this would not result in 
voltage excursions outside the preset thresholds. For that 
eriod the response of the controller was identical to the 
response of APFC. 
At t = 125 s, the voltage of the APFC and AVPFC 
controlled generators reached 1.03 p.u. Under AVPFC 
there was a switch to voltage control to maintain voltage 
and, from this point on, its response is identical to that with 
AVC. The voltage under APFC continued to rise towards 
14 
and through 1.06 p.u., overvoltage protection would trip the 
DO at that point. 
This simulation showed that compared to APFC, 
hybrid voltagefPF control of a DG can improve the 
voltage profile in a weak network, when the power transfer 
from or to the local busbar is high, and at the same time will 
reduce import or export of reactive power, compared to 
automatic voltage control. However, should another 
automatic voltage control device exist in the vicinity, such 
as an on-line tap changing (OLTC) transformer, the 
attempt of the AVPFC to hold voltage constant can 
potentially cause spurious operation of the OLTC mechan-
ism, if the settings of the two control devices are not 
carefully selected. 
4 Fuzzy logic power factor controller (FLPFC) 
Artificial Intelligence has been applied successfully to 
solve many power system problems. Being highly 
nonlinear, power systems are very difficult to control with 
conventional methods and linearisation techniques very 
often fail to produce models that resemble the 
actual characteristics of the system. The resulting ambi-
guities impose constraints on power-system controller 
design. In addition to this, the stochastic variation of 
load, generation and topology of a power system 
exaggerate uncertainty and imprecision [9]. The use of a 
fuzzy inference-based approach can overcome these 
difficulties. 
4. .1 Formulation of the problem 
As discussed in the preceding section, hybrid voltage 
and power factor control of a DG can improve voltage 
quality in a weak network, but can only be applied when 
no other voltage control device exists in the vicinity, and at 
the same time will reduce the need to install such a device. 
On the other hand, with the rapid increase of distributed 
generation and the subsequent extension and improvement 
of the DN, it is expected that the DNOs will move toward a 
more active control of the DN, and therefore the number 
of DN voltage control devices will increase. Hence, network 
operators in such areas may not allow generators to 
operate in any form of voltage control mode, including 
AVPFC. In that case, a method of reducing voltage 
fluctuations while in APFC mode is required. A conven-
tional automatic power-factor controller has a flat 
power-factor characteristic over the permissible range of 
voltage. A human operator (or a specifically designed 
controller) of the DG plant would respond to voltage 
variation by altering the power-factor setpoint in a way that 
the change in generated - (or absorbed) reactive power 
regulated the terminal voltage. The DO should operate with 
constant power-factor in a band in the middle of the 
permissible voltage range. When voltage falls, the power-
factor should shift to a more lagging value, so that the extra 
reactive power generated restores voltage. Conversely, 
raised voltage would require to change to a more leading 
power-factor to compensate for the voltage increase. It is 
possible to achieve such operation by adjusting the power 
factor reference according to a signal generated from 
measurements of the terminal voltage via a look-up table 
(LUT). The block diagram of a DO controlled in this 
manner is shown in Fig. 7. 
The LUT behaves as a standard numerical-input/ 
numerical-output nonlinear element of a closed-loop 
control system [10], but even though the controller is a 
number - to - number mapping, as discussed in the 
following Section, it is designed with a procedure that relies 
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Pig. 7 Block diagram of a DG with a fuzzy logic power-factor 
controller 
on fuzzy inference systems (FIS) theory. It should 
be stressed that this nonlinear mapping is not unique 
and is heavily affected by the conversion procedure of 
the fuzzy control sets [10]. Furthermore, extrapolation 
capabilities should be given to the LUT to enable it to 
produce an output, even when the input is outside the 
design limits. 
.2 Design of fuzzy logic power-factor 
controller 
From the two available types of fuzzy logic (FL) controllers 
(Madamani-type and Sugeno-type), the one proposed 
by Sugeno [11] has superior control performance [12]. 
Once the desired controller response has been identified, 
there are a number of steps that have to be followed, 
namely the design of the input stage (fuzzification), 
determination of the fuzzy rules, and design of the output 
stage (defuzzification). 
4.2.1 Design of the input stage: As this is a 
single-input/single-output (SISO) controller, the input fuzzy 
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Fig. 8 Input me,nbershpfitnctions 
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varying over the range [VTVr,j. Three linguistic labels 
define voltage; LOW (L), NORMAL (N) and HIGH (H). 
The (Gaussian) input membership functions are shown in 
Fig. 8a and are described by (2)—(4): 
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4.2.2 Determination of the fuzzy rules: A 
typical rule in a Sugeno - type fuzzy model has the form 
[11]: 
IF Input =x, THEN Output isy,=ax+b,, where iis 
the index of the fuzzy rule. 
For a zero-order Sugeno model, the output level y is a 
constant (a = 0), therefore the fuzzy rule set becomes: 
IF (VT =LOI'I') THEN (u1 =PF,,) 
IF (VT=  NORMAL) THEN (U2PFp m) 
IF (VT=  HIGH) THEN (u3 = PF) 
where u1 , u2, u3 are the outputs of the respective fuzzy rules. 
4.2.3 Design of the output stage: The output 
level u, of each fuzzy rule is weighted by the level of 
0.8 
PFmm  in = 0.8 lagging 
0.6 
0.4 PFnom = 0.9 lagging 
0.2 
-0.2 
PFm = 0.95 leading 
-0.4 
0.95 1.00 1.05 
input 
b 
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activation jui of the rule (see Fig. 8a). The final output of the 







.3 Performance of the DG under FLPFC 
ontrol 
o quantify the benefit of using the FLPFC, a simulation 
n a system identical to the one in Section 3.2 was 
rformed, this time with the DG under FLPFC control. 








0.750 (PFmin 0.8 lagging) 
0.484 (PFnom O.9 lagging) 
0.329 (PFmax 0.95 leading) 
fhe details of the FLPFC are shown in Table 3. 
Application of the data of Table 3 on the FLPFC 
produced a LUT with the response shown in Fig. 8(b) and 
the results of the simulation are shown in Fig. 9. The 
response of the AVC and APFC controlled DOs are shown 
In the same graph for comparison. 
Early in the loading process, the FLPFC controlled 
machine operates at a slightly higher voltage compared to 
the APFC controlled one. This is because the FLPFC 
allows the SG to operate at 0.8 power-factor exporting extra 
reactive power. In the middle section of the loading process 
and while vltage lies between 0.97 p.u. and 1.03 p.u., the 
system operates at constant 0.9 PF, almost identical to the 
APFC and AVPFC cases. When voltage rises above 
1.03 p.u. the FLPFC starts decreasing the power-factor 
setpoint (increasing ta.i(çb,)) - and by constraining Q, 
the terminal voltage is held within acceptable levels. It 
should be noted that the the FLPFC (as well as the 
AVPFC) will maintain the voltage within the permissible 
range only as long as the reactive power limits have not 
been met. These three tests showed that, for the same 
network conditions, utilisation of either AVPFC or FLPFC 
'would be beneficial, as their operational margins are wider 
compared to the traditional fixed power factor operation of 
a synchronous generator. 
5 Simulation of operation of APFC, AVPFC and 
FLPFC controlled DG under real-time varying load 
conditions 
To test the response of the DG to voltage variations 
brought about by changes in local load under the control of 
APFC, AVPFC and FLPFC, the load of the 2-busbar 
system in Fig. 3 was given the time-varying profile shown in 
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Fig. 9 DG loading-up under A VC, APFC and FLPFC control 
Exported real power 
Exported reactive power 
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Fig. 10 24h, 8010 o domestic 20% industrial load profile (0.9 PF) 
load at a DN substation. The network characteristics are 
given in Table 4. 
The varying demand profile was applied at constant 0.9 
power factor over a 24-h period. It resembles an aggregated 
80% domestic, 20% industrial load. The simulation was 
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4: Test system date 
date 
iine size: 4.0 MW 
'num load P,, QL: 1.11 MW, 
0.538 MVAr 
mum oad P, QL: 6.411 MW, 
3.105 MVAr 
power factor PF 0.9 
resistance ft 0.1901 P.U. 
reactance X. 0.1521 p.u. 
,ork voltage: 1.0 p.u. 
voltage Vb. 11 kV 
power S. 10 MVA 
performed three times: with the APFC, then with the 
AVPFC and lastly with the FLPFC. The settings of APFC 
and FLPFC were the same as the ones used for the 
generator loading tests (see Tables 2 and 3. Setpoints Vh and 
7r of the AVPFC have been changed to 1.04 p.0 and 
0.96 p.u., respectively, in order to match to the FLPFC 
ones. Additionally, the power factor of the generator has 
been constrained between 0.8 lagging and 0.95 leading to 
tesemble real-life operation in a DN, as a DNO would 
generally not allow a generator to operate with an 
unconstrained PF. The response of a typical APFC 
generator setup is shown in Fig. 11. 
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(ci) Busbar voltage 
The power-factor of the generator remains constant 
throughout the whole period. However, for the period 
between 0:45-06:15h the generator would be disconnected 
as the large (constant) amount of generated power in 
combination with the low local demand would cause 
excessive power export and thus voltage violation. Ad-
ditionally, during the 17:15-18:45 hours high local demand 
period, the bus voltage would be below the 0.94p.u. 
statutory limit. 
Figure 12 shows the response of an AVPFC controlled 
SG under the same circumstances. Compared to the APFC 
controlled SO response, it is apparent that for the periods 
while the busbar voltage would be in the 0.97 p.u.- 1.03 p.u. 
region, the operation of the two systems is identical. 
However, during the periods of low (00:30-07:00 h) and 
high (17:15-19:30h) demand, the AVPFC switches to 
constant voltage mode and holds voltage at 1.04 p.u, and 
0.96 p.u, respectively. This results in a longer period of 
operation, more energy shipped to the network and 
therefore increased revenue for the developer. It should be 
noted that, for a short period just before 18:00 h the voltage 
falls below the 0.95 p.u. setpoint, because the power factor 
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(ci) Busbar voltage 
Figure 13 presents the results of simulations under 
FLPFC control. It is clear that neither voltage nor power 
factor exceed their operational range and therefore the 
generator will remain connected for the whole period of 
simulation, resulting in an extra 22 MW h exported energy 
compared to APFC operation. For a 4MW machine, this 
represents considerable increase in output with consequent 
financial benefits, particularly if the DG qualifies for 
Renewable Obligation Credits. 
6 Discussion 
There is a need for DOs to be able to operate flexibly within 
a voltage envelope, to maximise dispatch of active power 
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find to support the voltage in cases of high demand. Some 
DNOs are now prepared to consider and integrate DGs 
that can operate to provide voltage control services. 
Network reinforcement costs may be deferred and loss of 
eneration due to under- or overvoltage shutdown may be 
educed. Network, generator and excitation system protec- 
ion settings and timings will need to be applied carefully, 
vithin statutory and manufacturers limits, to ensure that 
K DG plant operates within accepted network voltages 
and machine ratings. While voltage and power factor 
pontrol techniques are well established, their combination 
has never been co-ordinated, actively, to sustain production 
kf real power in a weak network. Active transfer between 
voltage and power factor control modes and fuzzy logic DG 
'control have been shown to allow extended operation when 
network or local demand conditions would otherwise cause 
excessive voltage variation and plant shutdown. The 
presented simulations show that in both AVPFC and 
FLPFC cases, the 24 h uninterrupted operation would 
cause an extra 22 MW h exported from a 4 MW generator, 
compared to the traditional APFC scheme. Possible 
solutions to maintain constant operation of an APFC 
controlled generator could be network reinforcement, or 
utilisation of an on-line tap changing (OLTC) transformer, 
but this would increase the capital and/or maintenance costs 
and could make a potential project infeasible. Utilisation of 
these new control algorithms could make potential DG 
projects more attractive, by allowing the generator capacity 
to increase further before it causes a voltage violation.  
Overall generator and prime mover control is frequently 
incorporated in programmable logic controllers (PLCs) and 
this may make the implementation of the presented 
algorithms easier, due to their rule-based nature. 
7 Conclusions 
In this paper, the impact of an increased generation capacity 
in the distribution network has been discussed. This has 
made apparent the need for an intelligent control strategy 
for the distributed generation and two candidate solutions 
were proposed: a hybrid voltage / power factor controller 
and a fuzzy logic power factor controller. Both algorithms 
allowed extension of generator operating period in a weak 
network and, therefore, an increase of the revenue from 
energy export. This was illustrated by computer simulations 
of a DG in a rural network using a realistic local load 
pattern. However, the developer should discuss with the 
DNO in beforehand about the adoption of the AVPFC 
scheme, because the generator's settings may conflict with. 
those of the network equipment when in constant voltage 
mode. On the other hand, adoption of the fuzzy controller 
scheme can be straightforward, provided that the controller 
is set to operate within the voltage and power factor limits 
set by the machine specifications and the DNO. 
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A Holistic Approach 
New approaches to integrating generation. 
Aristides Kiprakis, Dr Gareth Harrison, 
Simon Forrest and Dr Robin Wallace, 
University of Edinburgh, UK 
• 
New and renewable energy 
sources are being connected at 
all levels of the electricity 
ne ork: from large wind farms at trans-
mision level to single-phase domestic 
mico-generation at low-voltage. The 
location of resources and the conse-
quent generator bapacities means that 
new connections will be predominantly at 
dis9ibution level. The connection of 
dist9ibuted generation has a range of 
impcts, the magnitude of which varies 
betvieen voltage levels. 
ln considering impacts, it is useful to 
identify the purpose of each level of the 
electricity system. Transmission systems 
are iesigned to convey large volumes of 
eletricity from large centralised power 
stat ons to distant bulk supply points. 
The energy is then carried by the distri-
bution network down through the voltage 
levls to customers at low-voltage. At 
tranmission level, the consequences of 
dist
1
ibuted generation will only be seen 
whn aggregate capacity is high enough 
to irfifluénce power flow patterns or inter-
mitt1ent sources produce a significant 
- rr 
fraction of the total. However, it is at 
distribution level that the greatest 
impacts will be felt, given the proportion 
of connections and the characteristics of 
the system at this level. Examination of 
these effects and their consequences is 
a key research activity within the Institute 













Historically, distribution networks 
served loads that tended to reduce with 
distance from the transmission system. 
Rural areas are characterised by low 
population and load densities and the 
medium or low-voltage systems tend to 
consist of long, overhead radial feeders 
(Figure 1) supplying consumers. This 
results in distribution networks that have 
considerably more resistance than the 
transmission grid, creating significant 
voltage drops within the network. To 
compensate, Distribution Network 
Operators (DNOs) often set primary 
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:without.fuzzy control: 
Engineering Challenge 
substation voltages that are 3-4% above 
nominal, to ensure that all customers 
are supplied within statutory voltage 
limits 
 !(±6% 
 for the UK 11 kV). 
Coipnecting generation within the 
distribution network radically changes 
its oeration. Power flows will become 
bi-directional, because when production 
exce ds local demand, the direction of 
flow Will reverse. The major impact of 
this is that network voltages will rise - 
poteritially outside allowable limits. 
Othe impacts include raised fault levels 
and problems with the coordination and 
operation of network protection 
schemes. Network studies carried out 
following applications to connect gener-
ators have highlighted the impact at 
medium-voltage level and these have 
been widely reported given that the 
majority of connections have been at 
this I vel. 
.IVIL ch less is known about the network 
impacts of single-phase micro-gener-
atinc units such as fuel cells. 
phot -voltaics and Domestic Combined 
Hea and Power, which are typically less 
than 5kW and may be located in 
domstic properties. Connections will be 
in arfi unplanned, relatively unrestricted. 
unccnstrained manner. Where a large 
number of these units are installed in a 
spedific area, there is potential for 
effeJts similar to that seen at medium-
voltge. If the high levels of domestic 
generation predicted (1 -3 million units 
by 010) are to be met, DNOs need to 
undrstand the impacts on their systems 
all tlfie way to the extreme edges. 
In collaboration with a UK DNO, such 
a study is being performed using a 
sm4ll town as a case study. A model of 
the actual network was constructed 
incltiding recorded load and power flow 
dat. While more involved and time 
cog 
I suming, this offers more realistic 
and verifiable results than might be 
possible with generic models that avoid 
• problematic and abnormal events. The 
study is examining the impacts from a 
ran be of domestic generation penetra- 
tior levels with a view to identifying the 
volLme that could be accommodated 
belore network performance is 
degraded. Initial findings show that high 
• perietration levels create reverse power 
flows and raise voltage levels; the 
impact on network fault levels and 
"protection schemes is currently being 
assessed. 
IMPACT MITIGATION AND 
ALLEVIATION 
Although fault level rise is a significant 
issue in heavily inter-connected urban 
networks, voltage rise is generally cited 
as the most frequent and serious connec-
tion issue. Accordingly, the discussion 
concentrates on the strategies that DNOs 
may employ to mitigate this problem. 
Lowering the set-point voltage at the 
primary substation allows a greater amount 
of voltage rise before violation; the 
downside is that when generator output 
decreases, customer voltages may fall 
below the lower statutory limit. Allowing 
generators, to import reactive power will 
tend to decrease voltage rise and allow 
more real power to be exported, although 
the degree of success will depend very 
much on network characteristics. While 
effective, constraining generator active 
power export impacts on the revenue of the 
developer and is generally only acceptable 
where curtailment is likely to be infrequent 
and where alternatives are costly. 
Replacing the existing conductors of a 
network with larger ones is very effective in 
reducina resistance and limiting voltage  
rise. However, this approach can be very 
expensive. The DNO may offer to connect 
the generator to a portion of the network at 
a higher voltage where the per-unit resist-
ance is lower; the downside to this is that 
switchgear and transformers must be rated 
for the higher voltage and consequently are 
more costly. At the low-voltage level, there 
would appear to be fewer options for 
mitigating the negative effects of domestic 
generation. Approaches include trans-
former reconfiguration, installation of auto 
tap transformers, voltage limit relaxation of 
or limitations on domestic generation 
connections. 
Under current commercial arrange-
ments, the developer will largely bear the 
financial responsibility for mitigating 
adverse impacts. The economic implica-
tions can make potential schemes less 
attractive and restrict, development of 
distributed generation. It has become 
apparent that traditional network design 
and operation is constraining the amount 
of capacity that can be connected. Where 
network development is not carried out 
carefully, connection of a generator can 
block network access for other, potentially 
larger plants. Furthermore, practices 
Challen 
foIIowed at transmission level are not yet 
generally applicable at distribution level. 
Genrators are conventionally operated 
at constant power factor and this restric-
tion ontributes to the voltage rise effect 
and constrains generator capacity. Alter-
natiMe methods of avoiding or mitigating 
the impact of distributed generator 
connections are highlighted below. 
UGENT CONTROL OF 
IBUTED GENERATORS 
It ised to be obligatory that synchronous 
genrators in the distribution system were 
operated at constant power factor. Some 
network operators now prmit voltage 
control operation at weak parts of the 
network to provide voltage support at times 
of h7valuated 
h local demand, although this has to 
be carefully as larger generators 
can I cause spurious operation of network 
voltage control systems. Two novel control 
techniques have been demonstrated to 
provide a means of voltage control without 
losing the benefits of the conventional 
constant power factor operation. 
TIe first involves a hybrid voltage/power 
factbr controller that combines the features 
of both control methods. Its normal mode of 
opeation is to export power at a pre-
defined and constant power factor. Once 
the local system voltage exceeds a 
threthold that lies within the statutory limits 
,thecontrolIer smoothly transfers to voltage 
control to maintain voltage within the limits. 
One conditions change and allow the 
voltage to fall, power factor control 
resumes. The controller can also provide 
voltage support at times of high local 
demand. Figure 2 compares the operation 
of a small synchronous generator using a 
typibal power factor control system with one 
100  
using the new hybrid scheme (for variations 
in local demand over the course of a day 
(top graph)). The bottom graph shows the 
resulting variations in local voltage under 
power factor and hybrid control schemes. It 
can be seen that power factor control 
allows voltage to exceed statutory limits at 
times of low and high demand. To reduce 
the voltage during the low demand period, 
the generator would have to disconnect 
from the network. However, with hybrid 
control, voltages remain within acceptable 
levels at all times. This has obvious implica-
tions for the revenue of the developer. 
The second method uses a fuzzy logic 
controller to adapt the generator's power 
factor set-point according to the (varying) 
terminal voltage. This occurs in a similar 
manner to a human operator: reducing 
power factor (i.e. increasing import of 
reactive power) to constrain voltage and 
increasing power factor (vice versa) to 
support it. Figure 3 shows the voltage 
ranges on 20 buses in a section of a 
Scottish distribution network (Figure 4). 
The top graph of Figue 3 shows bus 
voltage ranges in the course of a day 
using typical power factor control on the 
local generators (annotated with "DG"), 
and the bottom graph of Figure 4 using 
the developed fuzzy controller. The fuzzy 
controller improves voltage quality as 
voltage ranges are narrower and more 
central. There is some potential to extend 
these approaches to domestic generation 
although remote on/off control by, e.g., 
SMS text, might also be effective. 
OPTIMAL CAPACITY OF DISTRIBUTED 
GENERATORS 
Under  current legislation, a developer's 
rights to network access are guaranteed 
once the connection agreement is 
signed. However, due to subsequent 
developments in the same area, there 
may be an increase in the likelihood of 
system constraint violation and a conse-
quent need for network upgrades. It is the 
case that an inappropriate connection 
can prevent development of other sites in 
the vicinity, "sterilising" the network. This 
factor has led to developers rushing to 
guarantee network access. A second 
issue relates to the equity of network 
upgrades. Where the need for upgrading 
is identified, the ONO will only choose 
from a range of standard conductor sizes 
which may well be in excess of the actual 
requirement. Where the. generator agrees  
to finance this, a subsequent application 
will be able to "free-ride" and use the new 
capacity for free. Both these issues 
further complicate and constrain the 
development of distributed generation. 
Consequently, there is a desire to indicate 
to developers the likely network capacity 
available at each location. Such a study on 
even a relatively small distribution network is 
difficult given number of connection points 
and the added complexity of voltage issues. 
The difficulties have been addressed 
through the development of a bespoke 
simulation manager to facilitate control of 
industry standard network software. This 
has avoided the need to carry out repetitive 
and time consuming manual studies and, 
instead, has enabled rapid, automated 
analyses. With the expected increase in the 
number of developments it is likely that there 
will be a multitude of developments rather 
than just one in progress at any one time. 
The interdependence of the network and, 
the range of possible generator sizes, 
means that the determination of available 
network capacity is a multi-dimensional 
problem. A solution has been developed 
with Optimal Power Flow techniques - 
normally used in transmission studies - that 
allows not only the determination of avail-
able capacity (subject to thermal, voltage 
and fault level constraints) but also investi-
gation of network sterilisation and asset 
stranding. It is anticipated that these 
techniques will be used by ONOs and devel-
opers to reduce the need for network 
upgrades and to allow maximum develop-
ment by avoiding network sterilisation. 
CONCLUSIONS 
Connection of new and renewable 
distributed generation is impacting on all 
levels of the electricity network. Although the 
greatest impact is currently being seen at 
distribution level there is a need to identify 
adverse effects from the very edges of the 
system up to transmission level. Activity 
outlined here is examining the technical and 
economic issues influencing -the develop-
ment of distribtitpd generation right across 
the network. Furthermore, through new 
techniques designed to enhance network 
planning and generator control, there is 
potential for easing some of the constraints 
that are hampering development. 
Detailed information may be found at 
http://www.see.ed.ac.uklresearch/IES/ 
Contact: Aristides.Kiprakis@ed.ac.uk  
Dr Gareth P. Harrison 
Aristides E. Kiprakis 
Dr A. Robin Wallace 
Institute for Energy Systems 
University of Edinburgh. UK  
ivately-owned distributed generation 
(DC) is fast replacing state-owned 
centralised generation in many liberalised 
electricity markets. The EU Renewables 
Directive and national incentives such as 
the UK Renewables Obligation are 
encouraging the development of 
renewables, including mini-hydro. Mini-
hydro resources are commonly found in 
areas with low population and load 
densities and the capacities of potential 
new plant means that they will connect 
to medium or low voltage distribution 
networks. Historically, the networks in 
these areas were designed to supply 
demand that tended to reduce with 
distance from the transmission system 
and were operated passively to ensure 
that the quality of electricity supplied to 
customers was within statutory limits. 
Connection of DC can fundamentally 
alter the operation of distribution 
networks. Where DC capacity is 
comparable to, or larger than, local 
demand there are likely to be observable 
impacts on network power flows and 
voltage regulation. New DG connections 
must be evaluated to identify and 
quantify any impact on the security and 
quality of local electricity supplies. While 
a range of options exist to mitigate 
adverse impacts, under current 
commercial arrangements the developer 
will largely bear the financial 
responsibility. The economic implications 
can make potential schemes less 
attractive and have restricted the 
development of DC in liberalised markets. 
There are two new techniques that 
could facilitate a greater capacity of mini-
hydro generation. The first allows 
Distribution Network Operators (DNOs) to 
determine the capacity of plant that may 
be progressively connected to their 
existing system whilst avoiding stranding 
assets and/or sterilising access. The 
second describes a means of operating 
mini-hydro generators to allow more 
power to be exported to the network 
whilst maintaining local quality of supply. 
These techniques may assist the network 
integration of a greater capacity of mini-
hydro both in liberalised markets and in 
rural areas of less-developed countries. 
Distribution networks 
Historically, distribution networks were 
designed to convey electrical energy from 
the high voltage transmission grid to 
re-gen april may 2003 transmission 
consumers supplied at lower voltages. A 
common feature of distribution networks in 
rural areas is that they consist of medium to 
long overhead line circuits (known as radial 
feeders) extending out to consumers at the 
most rural edges. As population density and 
demand for electricity tended to reduce 
along the feeder, the capacity of the 
network to supply load could quite 
reasonably be reduced with increasing 
remoteness. Accordingly, transformer 
ratings and conductor cross sectional areas 
reduce towards the edges of the network 
and impedance increases. The system was 
designed and operated on the basis that 
power flows were uni-directional with 
active and reactive power moving from the 
sub-transmission network towards loads. 
They were also designed on the basis that 
load patterns, and hence network power 
flows, were fairly predictable, with daily and 
seasonal patterns that were well 
understood. The distribution networks 
generally operated passively with auto-tap 
changers on transformers maintaining 
secondary voltages at pre-set values as 
loads varied. To compensate for the line 
voltage drop and to ensure that consumers 
at the remote end of the network are 
supplied within statutory voltage limits the 
DNO will often set the substation voltage a 
few per cent above the nominal 11 IN. The 
statutory limits defined in the UK Electricity 
Supply Regulations, for example, specify 
that steady-state voltages should remain 
between ± 6 per cent of nominal for 
systems between 1 kV and 132 kV. To 
ensure this, DNO planners often designed 
networks to operate over a 13 per cent 
voltage range. 
In the centrally-planned era, consumer 
demand, losses and contingencies were 
met by advance scheduling of generation 
supplying the distribution network via the 
transmission grid. In the liberalised market, 
distributed generation can be located 
geographically to convert renewable or 
other resources, delivering to the 
distribution network non-constrainable, 
intermittent supplies of energy. The 
connection of distributed generation to the 
edges of the distribution network results in 
an operating regime fundamentally 
different. Depending on the type and rating 
of the generator, active and reactive power 
flows can become bi-directional. 
Furthermore, the development and 
connection of renewable sources can lead 
to intermittent, less predictable flows.  
Impacts of DC on the network 
The presence of distributed mini-hydro 
generation can have a number of 
significant impacts on the operation of the 
distribution network, including: 
1 Bi-directional power flow and the 
potential to exceed equipment thermal 
ratings 
2 Reduced voltage regulation and 
violation of statutory limits on supply 
quality 
3 Increased short circuit contribution and 
fault levels 
4 Altered transient stability 
5 Degraded protection operation and co-
ordination 
Power flow, thermal ratings, losses 
Figure 1, below, shows four scenarios (a-d) 
for connecting distributed generators to a 
simple but representative network 
consisting of a 25 km long, 32 mm2 copper 
radial feeder that supplies a local load from 
a bulk supply point in the sub-transmission 
network via a 1 MVA transformer. The peak 
value of the local (rural domestic) load is 
400 kW at 0.98 power factor. A series of 
DC capacities ranging from (a) 0 to (d) 
1 MVA (at 0.9 lagging power factor) are 
connected to the remote end of the feeder. 
a When there is no DG production the 
local load is supplied entirely from the 
transmission network. All equipment 
operates within thermal limits, and the 
losses in the overhead line are 19 kW. 
b Where DC production is 300 kW, the 
power delivered from the transmission 
network reduces, along with the losses 
in the feeder. A benefit is that 
unloading the feeder may allow the 
DNO to defer network upgrades 
brought about by future load growth. 
c Where DC production is 600 kW and 
production exceeds local demand, 
power will be exported back up the 
feeder towards the substation and 
losses increase again, although the line 
and transformer loadings are still within 
thermal ratings. 
d If DC production increased to 900 kW 
the net export back towards the 
transmission network increases losses 
beyond their original values. With a 
generator larger than this and under 
low demand conditions, the reverse 
flow may exceed the thermal rating of 
the transformer or overhead line. 
Thermal limitations brought about by 
increasing DC capacity are usually 
encountered first in substation equipment 
such as transformers and switchgear, or at 
the edges of heavily tapered radial 
networks where plant capacity is several 
Figure 1, below, shows four network scenarios 
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multiples of the local demand. However, it 
is more frequently the case that voltage 
violations at the extremities of the network 
are the first limiting effect. 
Voltage regulation 
Power flows along the feeder towards the 
load will create a voltage drop between 
the substation and the local load. When 
the presence of a distributed generator 
causes the power flow to reverse there will 
be local voltage rise at the location of 
the generator and load. At transmission 
level, reactive impedance (X) is much 
greater than resistive impedance (R), and 
the voltage excursion is brought about by 
reactive power flow. However, in the 
distribution network where R can be 
comparable with or exceed X, the voltage 
rise is influenced by both active and 
reactive power flows. Hence, the relatively 
high line resistance at the edges of 
distribution networks can restrict active 
power export from a DG. The network, 
load and DC capacities shown are once 
again used to demonstrate the impact of 
DC on voltage profiles. The local voltages 
in cases a-d are described below: 
a With no DG generation the voltage at 
the local load is 0.98 per unit with the 
transformer adjusted to establish 1.03 
per unit voltage at the substation. 
b At 300 kW, DG reduces the local 
demand, the line voltage drop 
decreases and local voltage rises to 
1.02 per unit. 
c A 600 kW DC reverses power flow and 
raises local voltage above that of the 
substation to 1.06 per unit. 
e A 900 kW DC further increases the 
voltage rise, leading to a local voltage 
of 1.10 per unit, well in excess of the 
statutory limit.  
As these cases illustrate, reverse power 
flow along the feeder determines the 
voltage rise. When local demand is high 
and met by DC capacity the voltage rise is 
reduced. If local demand reduces, say 
overnight, more DC production is exported 
to the network and the voltage rise 
increases. This effect could cause 
transformer tap-changers (where provided) 
to operate or over-voltage protection to 
disconnect the DC. Voltage rise effects can 
significantly limit the capacity of DC that 
may be connected to the network in 
remote rural locations. 
Fault levels 
In the event of a short circuit fault on the 
network all generators will contribute to 
the fault currents flowing. As such, the 
switchgear in the DNO network and that 
of the DC must be rated to withstand the 
effects of the combined network and DC 
fault currents. As the point of connection 
becomes more remote from the 
transmission network the intervening 
impedance increases, and the network 
fault contribution falls. Where connection 
of the DC would increase fault levels 
beyond the rating of existing DNO 
switchgear, it must be replaced. 
Transient stability 
The ability of DG to remain connected to 
the network during transient conditions 
caused by load changes or network 
reconfiguration depends on the 
topography of the network, the nature of 
the perturbation and the characteristics of 
the DC. During the transient conditions 
network stability is reduced. Some DGs can 
assist in restoring stable conditions and 
hence it is mutually beneficial for the DNO 
and developer that such plant should 
remain connected. Those that cannot may  
be disconnected. In terms of overall system 
stability, current levels of DC penetration 
are not a concern but this may alter if, as 
the capacity of renewable energy DC 
increases it displaces high energy thermal 
plant that currently ensures stability. 
Protection operation and co-ordination 
Prior to the installation of a DC, operation 
of the distribution network is made safe 
and reliable by the provision and co-
ordination of protection devices at energy 
sources, switching points or loads. This 
ensures the integrity and security of supply 
to consumers based on the traditional 
operation of the network. The protection 
schemes were designed and co-ordinated 
largely for uni-directional flow and their 
use with bi-directional power flows may 
lead to unstable or spurious operation. 
While settings may be adjusted so that 
protection remains effective during DC 
operation, it must also be effective when 
the DC is shut down. The achievement of 
such a balance may leave the network less 
closely protected than before, and this 
must be carefully evaluated 
Connection studies 
The impacts that arise from an individual 
DG scheme are assessed in detail when the 
developer makes an application for 
connection. DNOs appraise requests for 
connection under near-worst case 
operating conditions to ensure that the 
quality of supply to their customers will 
not be adversely affected under all normal 
DC and network operating scenarios. For 
instance, studies are carried out assuming 
that the DC is operating at maximum 
capacity, but that local load is at a 
minimum, typically 25 per cent of normal 
peak demand. These conditions are chosen 
as they represent the largest reverse power 
substation load 
- 600kw generator - tower substation voltage 
- import reactive power - limit output to 300kw 
- reinforce feeder - upper voltage limit 
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flows and consequently the greatest local 
voltage change which, particularly for rural 
areas, tends to be the most significant 
limitation to the DC capacity. 
Where the presence of DC will 
adversely affect the operation of the DNO 
network, its impact must be mitigated in a 
way that encourages development and 
that is not needlessly punitive, financially, 
to the developer and the DNO. 
Impact mitigation 
There are a number of options open to the 
DC developer and DNO to reduce adverse 
network effects arising from a potential 
mini-hydro generation project and these 
depend on the initial problem. Where 
there is the potential to exceed the 
thermal or fault level rating of equipment 
then there is generally little option but to 
replace affected equipment with new 
plant of higher rating. There is potential 
for DC and, in particular, mini-hydro plant 
to benefit the rural network by reducing 
losses and providing increased reliability, 
stability and security of supply. However, 
to extract these benefits, active 
management of the network would be 
required along with commercial benefit for 
the DNO. In any event, the barrier most 
frequently met and which offers most 
scope for innovation is maintenance of 
local voltages within statutory limits. 
Mitigation strategies include: 
•: Constraining generator export 
• Reducing primary substation voltage 
• Importing reactive power 
• Conductor upgrading 
• Connection at higher voltage 
These mitigation measures are discussed 
with reference to the network illustrated in 
Figure 1 on page 57 and their effect is 
demonstrated in Figure 2, above. The 
analyses do not consider the effects of 
distance, or intermediate loads. The 
highest voltage rise shown is that resulting 
from a 600 kW DC operating at maximum 
output and at 0.9 power factor, exporting, 
whilst local load is 100 kW, 25 per cent of 
maximum. In this case, the voltage 
exceeds the limit by nearly four per cent. 
Constraining generator export 
It is possible to apply load limitation in the 
turbine governor control system to alter 
production of active power to avoid 
network voltage violations. Whilst 
0. 
I 
Figure 2 illustrates the effects 
of the four mitigation 
measures on the distribution 
network 
effective, this option affects generator 
revenue and is generally only acceptable 
where curtailment is likely to be infrequent 
and where alternatives are costly. Where 
active power output is limited to 300 kW 
the voltage remains within limits. This 
represents the maximum production in the 
absence of alternative mitigation means. 
Reducing primary substation voltage 
Lowering the set-point voltage at the 
primary substation allows a greater voltage 
rise before violation. This strategy is shown 
to shift the voltage profile vertically 
downwards, but it still does not allow full 
generator capacity to be exported without 
voltage violation. Although this may be 
achieved by setting the voltage set-point 
to 0.99 per unit, this approach is likely to 
be prohibited because if generator output 
decreases (or the DC trips), customer 
voltages may fall close to or below the 
lower voltage limit. Intelligent control or 
active management of simple networks 
might be employed to restore the 
depressed voltages, but this may not be 
practical in large rural systems. 
Importing reactive power 
DNOs normally require DGs to export 
active power at a defined and constant 
power factor, determined by the network 
capability to accept or provide reactive 
power. Synchronous generators may be 
operated to export or import reactive 
power and while normally operated to 
control power factor, they could usefully 
provide network support by operating in 
voltage control mode. Standard induction 
generators can only import reactive power 
and while this can mitigate the voltage 
rise, the network must provide the reactive  
power. The financial benefits for the 
developer in exporting more active power 
could be partly offset by charges imposed 
by the DNO for the provision of reactive 
power from the network. In Figure 2 the 
generator is operated at full output whilst 
importing reactive power at 0.9 power 
factor. The voltage gradient and local 
voltage are reduced significantly. 
All of these mitigation techniques are 
of an operational nature and have 
consequent implications for DC revenue or 
local quality of supply. The remaining 
measures can bring considerable capital 
costs to the DC development, but result in 
fewer operational restrictions. 
Conductor upgrading 
Replacing existing overhead line 
conductors with those of greater cross 
sectional area reduces impedance and 
limits voltage rise. Unfortunately, the use 
of any larger and heavier conductors 
requires the replacement and re-spacing of 
the support poles or towers to correct the 
physical profile of the line. As such, this 
approach can be very expensive. Figure 2 
shows the impact of replacing the existing 
32 mm2 conductor with 130 mm2 copper 
conductor. It can be seen that voltage rise 
is significantly reduced and that voltage 
remains just within statutory limits. 
Connection at higher voltage 
At higher voltages a given flow of active 
and reactive power has a lower current 
and, as such, the voltage rise is lower. 
Accordingly, for larger plants that simply 
cannot connect at lower voltages without 
violation, the DNO may offer only to 
connect the DC to the network at the next 
highest voltage. This may mean the 
Local power demand (PF=0.8) 
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construction of a sub-transmission 
network switchyard and significant 
extension of the 33-132 kV sub-
transmission system that, inevitably, will 
be expensive, and therefore may only be 
feasible for much larger DG schemes. 
Finance and management 
Each of the mitigation strategies will have 
assoiated costs, either operating costs 
bome directly by the DG developer, for 
exanple production constraints or 
readive imports, or capital costs borne by 
the developer and/or the DNO. As a 
condition of connection the DNO can 
insis$ that the developer finances the 
expnditure necessary to mitigate 
advrse impacts. This system Is known as 
'deep charging' and may add significantly 
to the capital cost of the project, 
particularly where line upgrades are 
invoved. In many cases and particularly 
for smaller  projects it may render them 
uneonomic and limit the penetration of 
minihydro and other renewables. An 
alterative 'shallow charging' system is 
being considered where the DNO 
finarmces the necessary network 
upgrading and collects Distribution Use of 
System (DuoS) charges from generators. 
However, in this case the DNO must 
conider carefully whether the volume of 
renewables and developer commitments 
could justify the investment. 
A further risk to the holistic 
development of mini-hydro and 
renewable resources can emerge from 
the current strategy of developing sites 
on a first come-first served basis. 
Currently, a developer's rights to network 
access are guaranteed once the 
Connection Agreement is signed. With 
this guarantee instated, subsequent 
developments in the same area must not  
impact adversely on the access afforded 
to previously connected DG. This means 
that an early and sometimes quite minor 
connection can prevent development of 
other larger sites in the same area of the 
network, effectively 'sterilising' areas of 
the network. If unchecked, this effect can 
lead to developers rushing to 'bag 
capacity and guarantee access. 
An opposite effect relates to the 
equity of investment to upgrade the 
network. Where a new connection is to 
be financed by the developer and/or the 
DNO it is unlikely that it will be designed, 
specified and installed at the exact 
capacity of the DC. Design prudence or 
the use of standard plant ratings may 
leave spare capacity on a new network 
modification. While the developer may 
have agreed to finance this, a subsequent 
application may be able to access and use 
the new capacity at a much lower 
connection charge because the network 
has already been upgraded. Both issues 
further complicate and restrict DC 
development and commend the need for 
planned and holistic development. 
New approaches to DC 
It seems that if the developer or the DNO 
is prepared to finance, piece-wise, 
network reinforcement then many of the 
restrictions to individual network access 
are reduced or avoided. This is unlikely to 
lead to full development of the mini-
hydro or other renewable resource in a 
DNO network area. There needs to be a 
more holistic strategy to develop the 
network in a way that provides the 
greatest access to DC within an area for a 
given level of investment in network 
infrastructure. Additionally, DC plant that 
connects to existing or newly reinforced 
areas of the network ought to be  
controlled to make the maximum use of 
access that is available within the 
constraints of voltage violation. 
Maximising DC access to networks 
Recent studies of the transmission 
network in Scotland have provided a 
number of locational signals for the 
development of renewables that are 
contingent on significant network 
investment. They have identified areas 
where renewable energy could be 
absorbed by the existing and up-graded 
transmission network. Not all of the new 
developments will be deep-connected 
and most will connect to the sub-
transmission or distribution network. 
Carrying out a similar study on even a 
small section of the distribution network 
is more intense and time consuming due 
to the much greater number of busbars 
and the greater influence of voltage, 
thermal and fault level restrictions. To 
explore holistic expansion of DC access 
there is a need to determine possible 
capacity from three types of development 
within the network. 
The notionally simplest approach is a 
single location-by-location appraisal of 
the possible DC capacity that could be 
connected in an area - but in even a 
small section of the distribution network 
there may be several hundred busbars. 
This required the development of a 
bespoke simulation manager to facilitate 
control of network power flow analysis 
software to automate repetitive and 
otherwise time consuming manual 
studies. The results of the survey were 
thereafter more readily obtained but may 
be optimistic because they do not 
recognise the effects of prior connections 
of new DG in the adjoining network. 
The number of applications for 
connection of renewable DC plant and 
the volume of activity in the UK means 
that development is a parallel activity. 
There can many co-lateral applications for 
access to sometimes different, sometimes 
identical points within an area of the 
network. The interdependence of 
network behaviour and the range of 
capacities and locations for development 
means that the determination of overall 
access is a large multi-dimensional 
problem not amenable to repetitive 
simulation. Harrison and Wallace have 
applied Optimal Power Flow (OPE) 
techniques, normally used in transmission 
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studies, to determine the maximum 
siriultaneous access for DG plant across 
some or all network locations selected 
using the simulation manager. This takes 
ful account of all adjacent development 
but results in pessimistic totals since 
locations 'that may never be sought are 
maximised, unnecessarily. 
More realistic use of OPF techniques 
through the: simulation manager enables 
scnario studies within a selected area of 
tle distribution network. Access to the 
network and DG development can be 
modelled sequentially in time and with 
concurrent multiple developments. This 
al 
 l
ows not only the determination of 
maximum connectable capacity but also 
an investigation of network sterilisation 
and stranding of assets. These techniques 
rray be used by DNOs, working with 
developers, to maximise access, clarify the 
ned: for network upgrades and avoid 
ntwork sterilisation or asset stranding. 
merator control 
nofis generators can be operated 
voltage control or power factor 
modes While power factor 
tdtO be obligatory, some DNOs  
have permitted voltage controlled 
operation for DGs at weak parts of the 
network to provide some voltage 
support. This has to be evaluated 
carefully as larger DGs can cause network 
voltage control systems to operate in 
response. However, the combination of 
power factor control together with 
voltage control of DGs may offer 
significant benefit to developers if it 
enables acceptable access to weak areas 
of the network and allows continuous 
operation of the plant when co-ordinated 
with varying local demand. 
Wallace and Kiprakis have developed 
a hybrid voltage/power factor control 
algorithm that combines the features of 
both methods. Its normal mode of 
operation is to export power at a pre-
defined and constant power factor. 
However, once the local voltage exceeds a 
threshold, that lies within the statutory 
limits, the controller smoothly transfers to 
voltage control to hold voltage within 
these limits. Once conditions change and 
allow the voltage to fall, power factor 
control resumes. The controller enables 
greater export during low demand 
periods and can also provide voltage  
support at times of high demand. 
Extensive simulations have compared 
operation of a water-turbine driven 
synchronous generator using a typical 
power factor control system and with the 
new hybrid scheme. Figure 4, left, shows 
the resulting variations in network power 
flow and local voltage under power factor 
(APFC) and hybrid (AVPFC) control 
schemes. There are a number of 
observations regarding operation in 
power factor control mode. Firstly, the 
voltage would rise above the upper 
statutory limit during the period of low 
demand, and in consequence the 
generator would be disconnected with 
significant loss of generation. Secondly, 
between 1630 and 1930 excessive local 
demand would draw voltage below the 
lower voltage limit. Under-voltage 
protection would disconnect the DG 
causing the voltage to fall further and in 
the absence of available voltage controls 
the ONO would draw more power from 
the sub-transmission system. Under 
hybrid control, however, the voltage is 
continuously maintained within limits, 
allowing the generator to stay connected. 
Conclusions 
The connection of mini-hydro and other 
renewable generation to the distribution 
network creates a range of impacts that 
must be limited to protect security and 
quality of supply. Mitigation techniques 
currently employed may add significant 
costs and deter investment in DG plants. 
The inappropriate siting of new 
generation, or poorly phased 
development can lead to the sterilisation 
of an entire area of network and lowers 
the opportunity for developing 
surrounding potential without network 
upgrades. Extensive development of 
renewables will require a more holistic 
approach to network infrastructure. 
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new era for 
mini hydro?. 
financial responsibility which developers have to bear for new connections of 
generation can restrict the growth of mini hydro in liberalised markets. But now 
new techniques could facilitate the connection of mini hydro projects 
rRIVATELY-OWNED distributed generation (DG) is replac-ing state-owned centralised generation in many liberalised electricity markets around the world. The EU Renewables Directive and national incentives such as the UK Renewables ion are encouraging the development of renewable energy 
sources including mini hydro. Such resources are commonly found 
areas with low population and load densities and the capacities 
1 potential new plant means that they will connect to medium or 
)W voltage distribution networks. Historically, the distribution net-
forks in these areas were designed to supply demand that tended 
reduce with distance from the transmission system and were oper-
ted passively to ensure that the quality of electricity supplied to ctis-
)mers was within statutory limits. 
Connection of DG can fundamentally alter the operation of dis-
ibution networks. Where DG capacity is comparable to, or larger 
ian, local demand, there are likely to be observable impacts on net-
iork power flows and voltage regulation. New connections of DG 
iust he evaluated to identify and quantify any adverse impact on 
ie security and quality of local electricity supplies. 'While a range 
f options exist to mitigate adverse impacts, under current corn-
ie.rcial arrangements the developer will largely bear the financial 
sponsibi1ity for their implementation. The economic implications 
an make potential schemes less attractive and have restricted the 
evelopment of mini hydro generation in liberalised markets. 
This article reviews the impacts of connecting distributed mini 
ydro generation to distribution networks and examines existing 
ieans of mitigation. Two new techniques that could facilitate the 
onnection of a greater capacity of mini hydro generation are dis-
ussed. The first allows distribution network operators (DNOs) to 
etermine the capacity of plant that may be progressively connect-
1 to their existing system whilst avoiding stranding assets and/or 
:erilising access. The second describes a means of-operating mini 
ydro generators to allow more power to be exported to the net-
rork whilst maintaining local quality of supply. These techniques 
iay assist the network integration of a greater capacity of mini 
ydro generation in liberalised markets in developed countries, or 
i rural areas of less-developed countries. 
DIs-r.rul3Ui'ioN NETWORKS,  
Historically, distribution networks were designed to convey electri-
cal energy from the high voltage transmission grid to consumers sup-
j lied at lower voltages. A common feature of distribution networks 
in rural areas is that they consist of medium to long overhead line 
circuits (known as radial feeders) extending out to consumers at the 
most rural edges. As population density and demand for electricity 
tends to reduce along the feeder towards the end, the capacity of the 
ietwork to supply load could quite reasonably be reduced with  
increasing remoteness. Accordingly, transformer ratings and con-
ductor cross sectional areas decrease towards the edges of the net-
work and circuit impedance increases. The system was designed and 
operated on the basis that power flows were uni-directional with 
active and reactive power moving from the sub-transmission net-
work towards the loads. They were also designed- on the basis that 
consumer load patterns and hence network power flows were fairly 
predictable, with daily and seasonal patterns that were well under-
stood. The distribution networks generally operated passively with 
auto-tap changers on transformers maintaining secondary voltages 
at pre-set values as loads varied (sec Figure 1 below). To compen-
sate for line voltage drop and to ensure that consumers at the remote 
end of the network are supplied within statutory voltage limits, the 
DNO will often set the substation voltage a few percent above the 
nominal 11kv. In the UK the statutory limits defined in the 
Electricity Supply Regulations specify that steady-state voltages 
should remain between ±6% of nominal for systems between 1kV 
and 132kv. To ensure this, DNO planners often designed networks 
to operate over a ±3% voltage range. 
In the centrally-planned era, consumer demand, losses and contin- 
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gcncies were met by advance scheduling of generation supplying the 
disdihution network via the transmission grid. In the liberalised 
market, distributed generation can be located geographically to con-
vert1 renewable or other resources, delivering to the distribution net-
work non-constrainahic, intermittent supplies of energy. The 
connection of distributed generation to the edges of the distribution 
network results in an operating regime fundamentally different from 
that of uni-directional and predictable power flow. Depending on 
the type and rating of the generator, active and reactive power flows 
can become bi-directional (Figure 1). Furthermore the development 
and connection of non-firm renewable energy sources can lead to 
intermittent and less predictable network power flows. 
The presence of distributed mini hydro generation can have a 
number of significant impacts on the operation of the distribution 
network, including: 
Bi-directional power flow and the potential to exceed equipment 
thermal ratings 
• Reduced voltage regulation and violation of statutory limits on 
supply quality. 
• increased short circuit contribution and fault levels. 
• Altered transie,ii stability. 
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Figure 2: changes In power flows, losses and voltages with connection of 
distlibuted generators 
Pover flow, thermal ratings, losses 
Figure 2 shows four scenarios (a-d) for connecting distributed gen-
erators to a simple but representative network consisting of a 25km 
long, 32m m2 copper radial feeder that supplies a local load from a 
bulk supply point in the sub-transmission network via a 1 MVA 
transformer. The peak value of the local (rural domestic) load is 
400kw at 0.98 power factor. A series of DG capacities ranging from 
(a) 0 to (d) 1 MVA (at 0.9 lagging power factor)are connected to 
the remote end of the feeder. 
a. When there is no DC production the local load is supplied entire-
ly from the transmission network. All equipment operates within 
thermal limits, and the losses in the overhead line are 19kw. 
INTERNATIONAL wATER POWER & PAM CONSTRUCTION NOVEMBER 2002 
Where 1)G production is 300k W, the power delivered from the 
transmission network reduces, along with the losses in the feeder. 
A benefit is that unloading the feeder may allow the l)NO to defer 
network upgrades brought about by future load growth. 
Where DC production is 600kW and production exceeds local 
demand, power will he exported back up the feeder towards the 
substation and losses increase again, although the line and traits-
former loadings are still within thermal ratings. 
If DG production increased to 900kW the net export back 
towards the transmission network increases losses beyond their 
original values. With a generator larger than this and under low 
demand conditions, the reverse flow may exceed the thermal 
rating of the transformer or overhead line. 
Thermal limitations brought about by increasing DG capacity are 
usually encountered first in substation equipment such as trans-
formers and switchgear, or at the edges of heavily tapered radial net-
works where plant capacity is several multiples of the local demand. 
However, it is more frequently the case that voltage violations at the 
extremities of the network are the first limiting effect. 
P+jQ 
R ix I (3DG 
Grid I 
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Figure 3: Voltage drop In feeder 
Voltage regulation 
Where a combination of active (P) and reactive power (Q) flows 
from the transmission network along a feeder with resistive (R) and 
reactive (X) impedance (as shown in Figure 3), the voltage drop 
along the line can be approximated by: 
AV RP + XQ 
where Vnetwork is the primary substation voltage (all values in per-unit). 
Power flows along the feeder towards the load will create a voltage 
drop between the substation and the local load. When the presence 
of a DG causes the power flow to reverse, there will be a local volt-
age rise at the location of the generator and load. At transmission level, 
X is much greater than R, and the voltage excursion is brought about 
by reactive power flow. However, in the distribution network where 
R can be comparable with (or exceed) X, the voltage rise is influenced 
by active and reactive power flows. Hence, the relatively high line 
resistance at the edges of distribution networks can restrict active 
power export from a DG. The network, load and DG capacities 
shown in Figure 2 are again used to demonstrate the impact of DC 
on voltage profiles. The local voltages in cases a-d are described below: 
With no DC production the voltage at the local load is 0.98 pu 
with the transformer adjusted to establish 1.03 pu voltage at the 
substation. 
When a 300kW DC reduces the local demand the line voltage 
drop decreases and the local voltage rises to 1.02 pu. 




above that of the substation (to 1.06 pu). 
A 900k W DG further increases the voltage rise, leading to a local 
voltage of 1.10 pu, well in excess of the statutory limit. This 
would cause over-voltage protection to disconnect the DG. 
As these cases illustrate, reverse power flow along the feeder deter-
nines the voltage rise. When local demand is high and met by DG 
tapacity the voltage rise is reduced. If local demand reduces, say 
overnight, more DG production is exported to the network and the 
voltage rise increases. This effect could cause transformer tap-chang-
ers (where provided) to operate or over-voltage protection to dis-
':onnect the DG. Voltage rise effects can significantly limit the 
capacity of DG that may be connected to the network in remote 
rural locations. Means of mitigating the problem are described later. 
Pault levels 
In the event of a short-circuit fault on the network, all generators 
will contribute to the fault currents flowing. As such, the switchgear 
in the DNO network and that of the DG must be rated to withstand 
the effects of the combined network and DG fault currents. As the 
point of connection becomes more remote from the transmission 
network, the intervening impedance increases, and the network fault 
contribution falls. Where connection of the DG would increase fault 
levels beyond the rating of existing DNO switchgear, the switchgear 
must he replacd. 
Transient stability 
The ability of DG to remain connected to the network during tran-
sient conditions caused by load changes or network reconfiguration 
depends on the topography of the network, the nature of the per-
turbation and the characteristics of the DG. During the transient 
conditions network stability is reduced. Some DGs can assist in 
restoring stable conditions and hence it is mutually beneficial for the 
ONO and developer that such plant should remain connected. Those 
that cannot may he disconnected. In terms of overall system stabil-
ity, current levels of DG penetration are nor  concern but this may 
,l iter if, as the capacity of renewable energy DG increases to meet 
2010 or 2020 targets, it displaces high-stored-energy thermal plant 
that currently ensure overall network stability. 
Protection operation and co-ordination 
Prior to the installation of a DG, operation of the distribution net-
work is made safe and reliable by the provision and co-ordination 
of protection devices at energy sources, switching points or loads. 
This ensures the integrity and security of supply to consumers based 
on the traditional operation of the distribution network. The pro-
tetion schemes were designed and co-ordinated largely for uni-
directional flow and their use with bi-directional power flows may 
lead to unstable or spurious operation. While settings may be adjust-
lpd so that protection remains effective during DG operation, it must 
also be effective when the DG is shut down. The achievement of 
such a balance may leave the network less closely protected than 
before, and this must be carefully evaluated. 
CONNECTION STUDIES 
The impacts that arise from an individual DG scheme are assessed in 
derail when the developer makes an application for connection. 
DNOs  appraise requests for connection under near-worst case oper-
ating conditions to ensure that the quality of supply to their customers 
will not he adversely affected under all normal DG and network oper-
ating scenarios. For instance, network power flow studies are car-
ried out assuming that the DG is operating at maximum capacity, but 
that local load is at a minimum (typically 25% of normal peak 
demand). These conditions are chosen as they represent the largest 
reverse power flows and consequently the greatest local voltage 
change which, particularly for rural areas, tends to be the most sig-
nificant limitation to the capacity of DG that can be connected. 
If the UK is to meet its 2010 and 2020 targets for supplying  
demand with electricity generated from renewable resources, every 
technically and economically feasible mini hydro site that can 
become a network-connected DC should be considered for devel-
opment. Where the presence of DG will adversely affect the opera-
tion of the DNO network, its impact must he mitigated in a way 
that encourages development and that is not unnecessarily punitive, 
financially, to the developer and the DNO. 
IMPACT MITIGATION 
There arc a number of options open to the DG developer and DNO 
to reduce adverse network effects arising from a potential mini hydro 
generation project and these depend on the initial problem. Where 
there is the potential to exceed the thermal or fault level rating of 
equipment, then there is generally little option but to replace affect-
ed equipment with new plant of higher rating. There is potential for 
DG and, in particular, mini hydro plant to benefit the rural network 
by reducing losses and providing increased reliability, stability and 
security of supply. However, to extract these benefits, active man-
agement of the network would be required along with commercial 
benefit for the DNO. In any event, the barrier most frequently met 
and that which offers most scope for innovative solution is the main-
tenance of local voltages within statutory limits. The mitigation 
strategies include: 
• Constraining generator export. 
• Reducing primary substation voltage. 
• Importing reactive power. 
• Conductor upgrading. 
• Connection at higher voltage. 
• These mitigation measures are discussed with reference to the net-
work illustrated in Figure 2 and their effect is demonstrated in Figure 
4. The analyses do not consider the effects of distance, or interme-
diate loads, which are well described by Masters. The highest volt-
age rise shown in Figure 4 is that resulting from a 600kw DC 
operating at maximum output (and at 0.9 power factor, exporting) 
whilst local load is 100kw (25% of maximum). In this case, the 










600 kW Generator Lower substation voltage 
-. Import reactive power - - - Limit output to 300kW 
- - - - Reinforce feeder ---- Upper voltage limit 
Figure 4: Feeder voltage profile and mitigation measures 
Constraining generator export 
It is possible to apply load limitation in the turbine governor con-
trol system to alter production of active power to avoid network 
voltage violations. Whilst effective, this option impacts on the rev- 
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enue of the generator and is generally only acceptable where cur-
tailment is likely to be infrequent and where alternatives are costly. 
Figure 4 shows that where active power output is limited to 300kW 
the voltage remains within limits. This output represents the maxi-
mum production in the absence of alternative mitigation means. 
Reducing primary substation voltage 
Lowering the set-point voltage at the primary substation allows a 
greater voltage rise before violation. This strategy is shown (Figure 
4) to shift the voltage profile vertically downwards, but it still does 
not allow full generator capacity to be exported without voltage vio-
lation. Although this may be achieved by setting the voltage set-point 
to p.99 pu, this approach is likely to be prohibited because if genera-
tor 1 output decreases (or the DG trips), customer voltages may fall close 
to or below the lower voltage limit. Intelligent control or active man-
agement of simple networks might be employed to restore the 
depressed voltages but this may not be practical in large rural systems. 
orting reactive power 
Os normally require DGs to export active power at a defined 
constant power factor, determined by thit network capability to 
ept or provide reactive power. Synchronous generators may be 
rated to export or import reactive power and while normally 
rated to control power factor, they could usefully provide net-
rk support by operating in voltage control mode. Standard 
uction generators can only import reactive power and while this 
i mitigate the voltage rise, the network must provide the reactive 
wet. The financial benefits for the developer in exporting more 
ive power could be partly offset by charges imposed by the DNO 
the provision of reactive power from the network. In Figure 4 
generator is operated at full output whilst importing reactive 
wer at 0.9 power factor. The voltage gradient and local voltage 
reduced significantly and avoid violation. 
Il of the above mitigation techniques are of an operational nature 
i have consequent implications for DG revenue or local quality 
supply. The remaining mitigating measures can bring consider-
le capital costs to the DG development, but result in fewer oper- 
restrictions. 
nductor upgrading 
placing existing overhead line conductors with those of greater 
ss sectional area reduces impedance and limits voltage rise. 
fortunately, the use of any larger and heavier conductors requires 
replacement and re-spacing of the support poles or towers to 
rect the physical profile of the line. As such, this approach can be 
y expensive. Figure 4 shows the impact of replacing the existing 
nm2 conductor with 130mm2 copper conductor. It can be seen 
t voltage rise is significantly reduced and that voltage remains 
;t) within statutory limits. 
mnection at higher voltage 
higher voltages, a given flow of active and reactive power has a 
ever current and, as such, the voltage rise is lower. Accordingly, for 
gcr plants that simply cannot connect at lower voltages without 
)lation, the DNO may offer only to connect the DG to the network 
the next highest voltage. This may mean the construction of a sub-
nsmission network switchyard and significant extension of the 33-
2kV sub-transmission system that, inevitably, will be expensive, 
d therefore may only he feasible for much larger l)G schemes. 
MANAGEMENT OF CHANGE 
Each of the mitigation strategies will have associated costs, either 
operating costs borne directly by the l)G developer (e.g. production 
constraint, reactive imports) or capital costs borne by the develop-
er and/or the DNO. As a condition of connection, the DNO can 
insist that the developer pays all the costs necessary to mitigate 
adverse impacts. This system is known as 'deep charging' and may 
add significantly to the capital cost of the project, particularly where 
liic upgrades are involved. In many cases, particularly for smaller  
projects, it may render them uneconomic and limit the penetration 
of mini hydro and other' renewable energy generation. An alterna-
tive 'shallow charging' system is being considered where the DNO 
finances the necessary network upgrading and collects Distribution 
Use of System (DUOS) charges from generators, but the DNO has to 
consider carefully whether the volume of renewable resource and 
commitment by developers could properly justify the investment. 
A further risk to the holistic development of mini hydro and 
renewable resources can emerge from the current strategy of devel-
oping sites on a first-come first-served basis. Currently, a develop-
er's rights to network access are guaranteed once the Connection 
Agreement is signed. With this guarantee instated, subsequent devel-
opments in the same area must not impact adversely on the access 
afforded to previously connected DG. This means that an early and 
sometimes quite minor connection can prevent development of other 
larger sites in the same area of the network, effectively 'sterilising' 
areas of the network. If unchecked, this effect can lead to develop-
ers rushing to 'bag capacity' and guarantee access. 
An opposite effect relates to the equity of investment to upgrade 
the network. Where a new connection is to be financed by the devel-
oper and/or the DNO, it is unlikely that it will be designed, speci-
fied and installed at the exact capacity of the DG. Design prudence 
or the use of standard plant ratings may leave spare capacity on a 
new network modification. While the developer may have agreed to 
finance this, a subsequent application may be able to access and use 
the new capacity at a much lower connection charge because the 
network has already been upgraded. Both these issues further com-
plicate and restrict the development of DG and commend the need 
for planned and holistic development. - 
NEW APPROACHES 
From the foregoing it seems that if the developer or the DNO is pre-
pared to finance, piece-wise, network reinforcement then many of 
the restrictions to individual network access are reduced or avoid-
ed. This is unlikely to lead to full development of the mini hydro or 
other renewable resource in a DNO network area. There needs to 
he a more holistic strategy to develop the network in a way that pro-
vides greatest access to DG within an area for a given level of invest-
ment in network infrastructure. Additionally, DG plant that connects 
to the existing or newly reinforced areas of the network ought to be 
controlled to make maximum use of the access that is available 
within the constraints imposed by limitation of voltage violation. 
The next section describes two inter-related research activities within 
the Institute for Energy Systems at the University of Edinburgh, UK, 
that address these challenges. The work complements collaborative 
activity at UMIST that is studying area management of voltage pro-
files within the distribution network. 
Maximising DG access to distribution networks 
Recent studies of the transmission network in Scotland have pro-
vided a number of locational signals for the development of renew-
able resources that are contingent on significant investment in the 
network. They have identified areas where renewable energy could 
be absorbed by the existing and upgraded transmission network. 
Not all of the new developments will be deep-connected and most 
will connect to the sub-transmission or distribution network. 
Carrying out a similar study on even a relatively small section of the 
distribution network is more intense and time consuming, due to the 
much greater number of busbars and the greater influence of volt-
age, thermal and fault-level restrictions. To explore holistic expan-
sion of DC access there was a need to determine possible capacity 
from three types of development within the network. 
The notionally simplest approach was a single location by loca-
tion appraisal of the possible DG capacity that could be connected 
in an area subject to the above constraints - but in even a small sec-
tion of the distribution network there may be several hundred bus-
bars. This required the development of a bespoke simulation 
manager to facilitate control of network power flow analysis soft-
ware to automate repetitive and otherwise time consuming manual 
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studies. The results of the survey were thereafter more readily 
brained but may be optimistic because they do not recognise the 
c fects of prior connections of new DC in the adjoining network. 
The number of applications for connection of renewable DC plant 
a id the volume of activity in the UK means that development is a 
rallel activity. There can be many co-lateral applications for access 
tt
sometimes different, sometimes identical points within an area of 
e network. The interdependence of network behaviour and the 
range of capacities and locations for development means that the 
determination of overall access is a large multi-dimensional prob-
14in not amenable to repetitive simulation. Harrison and Wallace 
htve applied optimal power flow (OPF) techniques, normally used 
ii transmission studies, to determine the maximum simultaneous 
acess for DG plant across some or all network locations selected 
using the simulation manager. This takes full account of (all) adja-
cent development but results in pessimistic totals since locations that 
ii ay never be sought are maximised unnecessarily. 
More realistic use of OPF techniques through the simulation man- 
a ger enables scenario studies within a selected area of the distribution 
nfftwork. Access to the network and DG development can be mod- 
eled sequentially in time and with concurrent multiple developments. 
2his allows not only the determination of maximum connectable cipacity but also an investigation of network sterilisation and strand-
iig of assets. These techniques may be used by DNOs, working with 
mini hydro developers, to maximise access, clarify the need for ilet-
ork upgrades and avoid network sterilisation or asset stranding. 
New generator control to inaxi,nise network access and operation 
S'nchronous generators can be operated in either voltage control or 
ppwer factor control modes. While power factor control used to be 
oligarory, sonic DNOs have permitted voltage controlled operation 
l)Gs at weak parts of the network to provide some voltage sup- 
z This has to be evaluated carefully as larger l)Gs can cause net-wk voltage control systems to operate in response. However, the 
cinbination of power factor control together with voltage control 
o DCs may offer significant benefit to developers if it enables accept-
able access to weak areas of the network and allows continuous oper-
ation of the plant when co-ordinated with varying local demand. 
Wallace and Kiprakis have developed a hybrid voltage/power factor 
)ntrol algorithm that combines the features of both methods. Its 
nrinal mode of operation is to export power at a pre-defined and 
constant power factor. However, once the local voltage exceeds a 
rlireshold (that lies within the statutory limits) the controller smooth-
transfers to voltage control to hold voltage within these limits. Once 
conditions change and allow the voltage to fall, power factor control 
rsumes. The controller enables greater export during low demand 
periods and can also provide voltage support at times of high demand. 
Extensive simulations have compared operation of a water-tur-
ne driven synchronous generator using a typical power factor con-
ioI system and with the new hybrid scheme. Figure  (below) shows 
:1ie local demand variation over the course of a day for an 11 kV net-
work similar to Figure ii. Figure 6 shows the resulting variations in 
twotk power flow and local voltage under power factor (APFC - 
d trace) and hybrid (AVPFC - blue trace) control schemes. There 
a number of observations regarding operation in power factor 
;ntrol mode. Firstly, the voltage would rise above the upper statu- 
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Figure 5: Local demand profile  
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Figure 6: DG operation with power factor control and hybrid voltage/power 
factor control 
tory limit during the period of low demand (04.30 to 07.30 hours), 
and in consequence the generator would be disconnected with sig-
nificant loss of generation. Secondly, between the hours of 16.30 and 
19.30, excessive local demand would draw voltage below the lower 
voltage limit. Under-voltage protection would disconnect the DC 
causing the voltage to fall further and, in the absence of available 
voltage controls, the DNO would draw more power from the sub-
transmission system. Under hybrid control, however, the voltage was 
continuously maintained within statutory limits,allowing the gen-
erator to remain connected and export power. UT?TPJJ 
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Abstract 
Distributed generators are normally operated in constant power factor control, although this 
can be more difficult in weak areas of the network. Operating the generator in constant voltage 
mode is not usually acceptable by distribution network operators, since an unconstrained machine 
may attempt to define voltages that conflict with the settings of their automatic voltage control 
equipment. Additionally, active control of the distribution network is only scarcely utilised. The 
most common means of voltage control in the DN is using transformers with automatic tap changers 
either for direct voltage control on the transformer bus or for line drop compensation. Novel voltage 
control techniques include intelligent real and reactive power control of the distributed generator. 
This paper will present the traditional techniques and compare them with the novel DN volt-
age control proposals. Their relative advantages will be quantified through a comparison of the 
maximum seamless energy dispatch from the connected distributed generators in each case. 
1 Introduction 
The rise of environmental awareness as well as the recent oil crisis drives governments towards the 
development of new renewable plants for electricity generation. A great amount of this new generation 
is typically found in remote rural areas where the Distribution Network (DN) is weak and designed 
for a unidirectional, downstream flow of energy [1]. A net reversal or increase of power flow in line 
due to the presence or the loss respectively of a DC can cause unacceptable voltage variations and the 
Distribution Network Operator (DNO) will then require that the DG be disconnected. The resulted 
loss of profit can be a barrier for the development of DG towards the governmental targets. Any 
network reinforcement in order to eliminate voltage fluctuation effects and the cost of this work may 
be attributed to the connection costs of the DC. This may make potential schemes less attractive 
[1, 2]. Recent developments have shown that by intelligently controlling distributed generators (DGs) 
the voltage variation issue can be mitigated and reinforcement may be avoided [3]. Utilisation of the 
Fuzzy Logic (FL) Controller presented in this paper to control the DC may also prove to be a viable 
alternative to the costly network reinforcement. 
2 Impact of Increased Dispersed Generation in Weak Rural Net-
works 
In an 11 kV radially tapered network such as the one shown in Figure 1, the bus voltages in per unit 
are derived from Equation 1 and its voltage profile when the 20MW generator on bus 4 is offline is 
shown in Figure 2(a). 
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Figure 1: Radially tapered network 
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(a) DC disconnected (b) DG connected 
Figure 2: Voltage profile of the radially tapered network 
Although the loads are equal, the gradient of the voltage becomes larger towards the end of the 
line due to the higher impedance of the line. With the generator connected (Figure 2(b)), the voltage 
on bus 4 as well as the neighbouring buses 3 and 5 is outside the statutory limits of ± 6 %. The DG 
should either decrease its output to half its rated power (0.5 pu) in order to bring voltage back within 
the statutory limits, or disconnect. 
Measures to accommodate the added DG capacity could include a combination of network rein-
forcement, setting the DC to import VArs, lowering the primary substation voltage or operating the 
DG in constant voltage mode. However these measures may be costly, or degrade other factors of the 
DN[4]. 
3 Intelligent Generator Control 
For the two-bus system of Figure 3(a), assuming that RP + XQ>> RQ - XP, Equation 1 is reduced 
to 
pu (2) 
It is apparent that a large R makes P an increasingly significant factor of the voltage fluctuation 
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issue, and its effects could be counterbalanced by appropriate regulation of Q. The operating con-
straints that the DNO poses to the DC (i.e. range of permissible voltages and power factor values) 










(a) A two-bus system (b) voltage phasor diagram 
Figure 3: Basic power network 
With large generators connected to the transmission network, a central control system is super-
vising and controlling each generator such that its terminal voltage phasor tip always lies within the 
shadowed area of the diagram in Figure 3(b). However this is not an option with distributed genera-
tion due to the lack of central control. Therefore each generator has to act individually to maintain 
safe operation within the statutory limits. The Fuzzy Logic Power Factor Control (FLPFC) has been 
developed for this purpose. Its block diagram is shown in Figure 4 below. FLPFC uses fuzzy logic 
to continuously regulate the power factor setpoint according to the terminal voltage. A conventional 
automatic power factor controller has a flat power factor characteristic over the permissible range of 
voltage. A human operator (or in this case an intelligent controller) of the DC plant though would 
respond to voltage fluctuation by altering the power factor setpoint in a way that the change in gener-
ated (or absorbed) reactive power would bring about a regulation of the terminal voltage as suggested 
by Equation 2. A typical voltage - reactive power (represented by tan(q)) characteristic for an FLPFC 
Js shown in Figure 4(b). 
Amplifier Rectifier Generator 
(a) Block diagram 
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Figure 4: Block diagram of a DC with an FLPFC and its response to voltage changes 
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4 Simulations of DG operation under Intelligent Control 
To test the response of the DG to voltage variations brought about by changes in local load under 
the control of typical Automatic Power Factor Control (APFC) and FLPFC, a time-varying load was 
connected to the DG busbar of a network similar to the one shown in Figure 3(a) to simulate the time 
variation of an actual rural load at a DN substation. The details of the network are shown in Table 1. 
Network Data 
Machine size: 4.0 MW 
Min. Load FL, QL: 1.11 MW, 0.538 MVAr 
Max. Load FL, QL:  6.411 MW, 3.105 MVAr 
Load power factor PF: 0.9 
Line resistance R: 0.1901 pu 
Line reactance X: 0.1521 pu 
Network Voltage: 1.0 pu 
Base Voltage V 3 : 11 kV 
Base Power S se: 10 MVA 
Table 1: Test system data 
The response of a typical APFC generator setup is shown in Figure 5(a). The power factor of the 
generator remains constant throughout the whole period. However, for the period between 00:45-06:15 
hours the DNO would disconnect the generator as the large amount of generated power in combination 
with the low local demand would cause excessive power export and thus voltage violation. This 5.5-
hour disconnection would reduce the daily energy output of the DG by 22MWh. This loss represents 
23% of the 96MWh maximum for a day by the 4MW generator. Additionally, for the period 17:15-
18:45 hours due to the high local demand the DNO would have to shed a part or all the load in order 
to bring voltage back in the operational range. 
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(b) FLPFC response 
Figure 5: Operation of an APFC and FLPFC controlled generator under varying load 
In the case of FLPFC control (Figure 5(b)) neither voltage nor power factor goes outside the 
operational ranges and therefore uninterrupted operation for the whole period in study is guaranteed. 
The exported power is thus maximised and the profit significantly increased. 
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5 Intelligent Generator Control in a Distribution Network 
A series of simulations of a section of the Scottish distribution system have been performed in order 
to prove that the proposed control strategies can (a) improve voltage profiles in a weak network and 
(b) increase the capacity of Embedded Generation in the Distribution Network. The system under 
consideration is shown in Figure 6. 
Figure 6: The section of the scottish distribution network used as a test system 
Figure 7(a) shows the operating voltage ranges for varying load, for all the buses in the simulated 
system. For this simulation a 2.4MW generator operating at a constant 0.95 power factor was con-
nected to bus 15 (GOUV5). The dark blue part of the bars represents undervoltage, light blue and 
red are the overheads for undervoltage and overvoltage respectively, and finally yellow is the operating 
area for each bus. It is shown that voltage at GOUV5 is marginally at the limit for overvoltage, 
meaning that any further increase of the generating capacity on that bus (or its neighbouring ones, in 
electrical terms) will lead to overvoltage. 
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Figure 7: Network voltage ranges whith APFC (a) and FLPFC (b) controlled generator on bus 15 
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Figure 7(b) shows the voltage response of the network to the same generator, this time under 
control of FLPFC. Application of the FLPFC to the generator leaded to a reduction of the level and 
constraint of the range of voltages for all the buses that are electrically close to GOUV5. Therefore 
for the same load, generation and network conditions, intelligent generation control improves voltage 
quality in the distribution system. 
Further simulations showed that under FLPFC control voltage at bus GOUV5 reached 1.06 pu 
only when capacity was increased to 4.2MW, which represents an 1.8MW (or 75%) increase. This 
increase would otherwise not be possible to be achieved, unless a network upgrade or installation of 
an autortansformer was performed. The merit of utilising intelligent generator control in the DN is 
further emphasised when several generators whithin the same network operate under such control. 
Vovos et al. in [6] proved that application of FLPFC on multiple generators has the same effect as if 
they were centrally controlled. 
6 Discussion 
While voltage and power factor control techniques are well established their combination has never 
been used. Active transfer between the two modes and fuzzy logic DG control have been shown to 
allow extended operation when network or local demand conditions would otherwise cause excessive 
voltage fluctuations and plant shutdown. Similarily, utilisation of these algorithms is expected to 
make potential DG projects more attractive by allowing the generator capacity to further increase 
before it causes a voltage violation. By using an intelligent controller on a generator within a weak 
distribution network the voltage variation throughout the network is decreased thus improving quality 
of supply. Most modern AVRs are implemented in a Programmable Logic Controller (PLC) and the 
proposed method can be easily embedded as code in the PLC software. Utilisation of such a DG 
control strategy is therefore economic and may defer the need for immediate network reinforcement 
(or automation), which are expensive solutions. If governmental targets for distributed and renewable 
generation development are to be achieved, operation of distributed networks and generators within 
them has to be reassessed in order to overcome the technical obstacles, with most significant the one 
of voltage variation. The proposed control strategy may assist towards this direction. 
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I INTRODUCTION 
Electricity networks are called on to accommodate more and 
more generation capacity in order to supply the increasing 
demand. Social, planning and environmental reasons hinder 
the expansion of the existing infrastructure, whereas lack of 
investment pro hibits its reinforcement. Therefore, the efficient 
utilisation of the existing network is not only suggested for 
economy, but also imposed by need. Consequently, the 
realisation of government targets for renewable energy will 
depend, in part, on the ability of developers and Distribution 
Network Operators (DNOs) to maximise generator capacities 
connected to the network whilst minimising negative impacts. 
One means of ensuring maximum capacity with minimal 
voltage impact is through the use of intelligent power factor 
and voltage control of generators and other network 
components. Previously published work demonstrated the 
benefits in terms of the minimisation of voltage variations and 
violations as well as the ability of larger generators to connect 
to the network While the capacity benefit could be easily 
quantified for individual dispersed generators, it was more 
difficult to explore the benefit of widespread usage. 
To achieve this it was necessary to draw on earlier work that 
used Optimal Power Flow (OPF) techniques to evaluate the 
network capacity available for connecting dispersed 
generators. The capacity evaluation technique was extended 
such that it could incorporate the intelligent generator control 
algorithms and in doing so could find optimal levels of 
connections. The results of a case study indicate that 
intelligent power factor and voltage control of generators 
increases significantly the connecting capacity of existing 
networks. 
I GENERATOR CONTROL: AVR VERSUS PFC 
To date, Distribution Network Operators have generally been 
reluctant to allow any operation by independent generators 
which could potentially disrupt the passive role of the 
distribution network to supply demand. Specifically, Distributed 
Generators (DGs) are not permitted to perform Automatic 
Voltage Regulation (AVR), an inherent feature of synchronous 
generators to regulate the terminal bus voltage by adjusting 
their reactive power output, as it may destabilise the automatic 
Load Tap Changers (LTCs) of distribution transformers. A 
further issue is that where a small generator with AVR control 
is connected to a utility bus that suffers from voltage drops, it 
has to inject great amounts of reactive power in order to raise 
the bus voltage. This may result in high field currents and 
overheat the generator, triggering the protection and 
disconnecting the generator from the network: Accordingly, in 
most DG applications the generators do not have AVR control. 
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DGs usually operate in Power Factor Control (PFC) mode. 
They produce proportional amounts of active and reactive 
power in order to maintain constant Power Factor (PF) at all 
times. PFC is less disruptive for LTCs and results in much 
lower field currents than AVR under voltage drops, therefore 
reduces thermal stresses on the generator [1]. 
TACKLING VOLTAGE RISE FROM NEW CAPACITY 
Unfortunately, PFC has an adverse effect on the generator's 
terminal bus voltage. The voltage drop LW along a radial feeder 
is approximated by the equation: 
V=R.P+X.Q (1) 
where R+jX is the line impedance and P, Q the active and 
reactive power produced by the DG. When P increases V rises. 
In PFC mode P/Q is maintained constant, so when P increases 
Q follows and V increases even further! Conversely, when P 
decreases, Q decreases as well, leading to further voltage drop. 
Masters [2] notes that voltage rise as one of the major impacts 
of, and constraints on, the connection of. new DGs on the 
network. 
In equation (1), if Q was allowed to compensate for the feeder 
voltage rise or drop created by P by adjusting in the opposite 
direction (with P), then V could be maintained within limits 
allowing greater active power export. For voltage rise, this 
would be achieved by defining a leading power factor at which 
the generator is to be controlled. Power factor settings could be 
specified on a time-of-day basis, wherein DG operates at 
lagging power factor to export reactive power during high 
demand periods whilst importing during low demand. While 
this appears to be a relatively simple approach, it would require 
analysis to ensure that voltage is maintained appropriately under 
all normal operation cases and may require a degree of central 
coordination. 
An alternative to these techniques would be that the generator 
itself controls reactive power in an 'intelligent' and 'network 
friendly' manner. 
INTELLIGENT GENERATOR CONTROL 
Kiprakis and Wallace [3],  [4] proposed a voltage control 
method for DGs which assumed a more flexible directive from 
DNOs in terms of the voltage control by DGs. The target was to 
develop a voltage control method capable of keeping DGs 
online during light and/or heavy loading conditions by 
combining the advantages of AVR and PFC. The method was 
termed Automatic Voltage / Power Factor Control (AVPFC) 
and it relaxes the PFC when voltage approaches limits defined 
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by statute or by the DNO (with reference to accepted 
engineering practice). In normal operation and within defined 
minimum (V) and maximum (V)  threshold voltages, the Mn 
DG operates in PFC mode at a defined power factor (PFppc). 
When voltage reaches these limits, which lie within the defined 
voltage limits (V, V,) the PFC is deactivated and the DG 
operates in AVR mode, producing or absorbing reactive power 
to support voltage. The generator produces additional reactive 
power to maintain a low voltage during high demand periods 
and absorbs it to contain a high voltage during low demand 
periods. The DG must be restricted to its over and under-
exicitation limits as defined by the minimum and maximum 
operating power factors PF,, and PF,, respectively. Once the 
generator reaches its excitation limits the voltage will no longer 
be controlled and may continue to move towards the statutory 
limits before the voltage protection equipment operates to 
disconnect the DG. Figure 1 presents the AVPFC operational 
scheme with the generator operating on the thick, dashed line. 
.e(PF) 
N. 9PFC (PF PFC 
V : :11PFC 11PFC1 




Figure I Hybrid AVPFC voltage control. 
In extensive simulations, the AVPFC algorithm was found to 
extend the period of operation for an individual DG in a weak 
network and increased revenue from energy export. A further 
benefit was that the method allowed a larger generator to 
connect to the network without voltage violations during low 
demand periods [4]. Identifying the benefit in terms of 
enhancing DG connection was relatively straightforward for the 
single generator. In examining the benefit of applying the 
technique on a widespread basis with two or more generators it 
was found that the interdependency of voltage in the network 
made manual comparisons rather difficult and time consuming. 
A more sophisticated approach was sought. 
CAPACITY ALLOCATION 
It was recognised that attempts to determine the additional 
generator capacity added to the network through the use of 
intelligent control was similar in aim to other work published by 
Harrison and Wallace [5], [6]. Their aim was to develop a 
means of determining available network capacity for DG 
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connection. Using proprietary Optimal Power Flow (OPF) 
software and modelling DG as negative loads, the 'reverse-
loadability' technique found the maximum capacity of DG that 
could be connected at any given set of locations in the network 
subject to network voltage and thermal constraints. 
The approach was extended significantly by Vovos et al. [7] 
which incorporated fault level as a constraint in the OPF via a 
stepwise interative approach. A bespoke implementation of an 
OPF was required for this and presented the opportunity to 
explicitly model power factor controlled DG. Reference [8] 
describes the formulation of OPF, but a brief outline of the 
method implemented in [7] is given below. 
New Generation Capacity 
New generators are simulated as generators with quadratic cost 
functions with negative coefficients. These generators are 
connected to predetermined locations in the network, the 
"Capacity Expansion Locations" (CELs), with the output of 
generators simulating the allocated capacity at the CEL. Since 
in most DG applications the generators perform PFC we can 
simplify our analysis by assuming that CELs have constant 
lagging power factors set at 0.9. This assumption also holds for 
most DG installations that interface to the network through 
inverters [9]. 
Cost Model 
The cost model assumes that the negative cost (benefit) Cg from 
new generation capacity is connected only to the size of new 
generators Pg: 
Cg (Pg )=a.P92 ±b.P9 +c (2) 
w.r.t. a,b,c <0 and Pg >0, where Cg is the operational cost of 
generator g at output level Pg. Different sets of coefficients 
between cost functions declare preferences for the allocation of 
new capacity between CELs. If the voltage control scheme 
enforced by the DNO affects the allocated size of DGs at the 
CELs, then its impact will be reflected in the OPF objective 
function. Therefore, the cost model is capable of encapsulating 
the effects of different voltage control schemes. 
Tie Lines 
Energy transfers from/to external networks are also simulated as 
generators with quadratic cost functions. We will refer to them 
as Export/Import Points (EI1Ps). The coefficients of the cost 
functions are negative for exports and positive for imports. The 
outputs of the generators are negative when they represent 
exports and positive when they represent imports. 
Existing Capacity and Loads 
Existing generation capacity is simulated as generators with 
constant active power output, equal to their maximum capacity, 
and given reactive power injection capabilities. Loads are 
simulated as sinks of constant active and reactive power. 
INTELLIGENT VOLTAGE CONTROL IN OPF 
Generally, DG capacity is simulated with the real power output 
ps of virtual generators placed at the CELs. In order to 
examine the impact an alternative voltage control scheme has 
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on network capacity using the OPF, we have to simulate the 
behavior of DGs implementing those schemes during steady-
State operation. 
The main difference in the OPF formulation between DGs 
operated under the current voltage control scheme ('PFC-
Gens') and the hybrid scheme (hereafter termed 'Intelli-Gens') 
is that the otherwise constant PF is allowed to vary (within the 
DG operating limits) when voltage drops or rises beyond a 
critical value. Since we focus on capacity planning it is logical 
to expect that new capacity will only raise voltage levels. Thus, 
in order to simplify our analysis we will assume that the PF 
constraint is relaxed only when the generator's voltage Vcj rises 
to a critical value V,oId. In addition, in order to consider 
leading and lagging PFs we will constrain the angle 
Oc = sign (PF). cos-' (PF) instead of the PF directly, where 
sign(PF) is positive for lagging and negative for leading PF. 
Finally, the minimum (PF) and maximum (PF) operating 
PFs are roughly the same for various sizes of DGs. Therefore, 
we can presume that PF,, O, PF, On. are common for all 
new DGs. Furthermore, PFn. is usually the rated PF, so it is 
considered here as the target PFpFc of PFC. Both these 
assumptions can be described in the OPF formulation by the 
following constraints for the virtual generators at the CELs: 
PF= <PFG < PF. 9(fU <OG <6 
and PF = PFPFC  => 0. = 9PFC 
The voltage control strategy of Intelli-Gens is described by the 
curve in the power factor (9G)  versus voltage (VG)  graph as 
Figure 2 shows. 
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Figure 2. Voltage control strategy of Intelli-Gens. 
Equation (4) describes this control strategy mathematically: 
OG = 91FC when Kin  :5 V< Vh,,,h,,,
(4)  
9PFC <9G :5 6 when VG = 
In order to avoid the optimisation burden that discrete 
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where K = K.,,, 0
PFC 9mm 
p , and Jr 
A = Omin + K 
tan'[s1 +s2 J 
(v —V).i7p •'i':: 
where S. = (Vmm - Vmin  ) . 
mm __.,vmm 
where S1  = (V An  - ) . vv 
where rip; =sin[( _e)/K], ovv; =cos[( _o)/K] 
B = 
tan[(h,eS _A)/K]_ tan [(9 —A)/K] 
- V 
and C= tan [(9—A)/K]—B.V 
is a real number marginally over 1, which defines the 
steepness of tan'. The higher the value, the smoother the 
transition from 9PFC  to 9,,. A value of 1.01 for 
produces a quite smooth function without significant loss in 
precision. This approximation creates a 'smooth' transition 




Figure 3. Smoothing of control strategy transition for Intelli-Gens. 
CASE STUDY 
Network Topology 
The 12-bus 14-line network presented in Figure 4 has 3 CELs 
at buses 1, 10 and 11. It also has an EIIP to an external network 
at bus 12. A 15 MW generator is installed on bus 5, capable of 
providing up to 10 MVAr of reactive power. The network has a 
common rated bus voltage level at 33 kV, except for the CEL 
buses which have a rated voltage of 11 kV and the E/IP bus at 
132 kV. The CEL buses connect to the network through 30 
MVA transformers with fixed taps. The E/IP bus connects 
through a 90 MVA transformer with automatic tap changer, 
which regulates the voltage within a ±2% range of the rated 
voltage at the low voltage side with a ±10% tap range around 
the nominal tap ratio. The electric characteristics of 
transformers and lines are presented in the table next to the 
network topology in Figure 4. We assume that loads consume 
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constant complex power on buses 1,3,5,6,8, 10 and 11. Their 
size is depicted on the same figure. 
I 
tan 3 4 0.64 0.4 infinit 
U- 3 6 0.64 0.4 infinit 
han 6 0.64 0.3 nfir4 
han 4 9 066 0.35 40 
Traanf- 4 19 0 0.3 30 
tin, 3 7 0.688L4.3 
ldt tan 0 0.7682.49,fin,I
Un, 036 ').3 00611 
lanai. II 0 0.3 30 
[inn 9 9.740 9.49 00611 
Tn,ai. 12 0 0.) 90 
Figure 4. 12-bus 14-line test case and transformer/line characteristics 
Constraints 
Line 2-5 is constrained by a thermal limit of 14 MVA, 4-9 by a 
thermal limit of 40 MVA, while all other lines are considered to 
e unconstrained. We assume that the E/IP can exchange up to 
100 MW with the external network without affecting its secure 
)peratlon. The external network is also capable 
roviding/consuming up to 60 MVAr of reactive power to the 
local network. Finally, statutory regulations limit bus voltage 
luctuations to ±10% around the nominal values. The CELs at 
)uses 1, 10 and 11 will accommodate PFC-Gens and Intelli-
3ens in turn. 
Voltage Control Properties 
We assume that the voltage control strategy of Intelli-Gens has 
V. Old = 1.05 p.u. for the relaxation of the PFC from a PF of 
).9 lagging. When the generator's voltage reaches Vth 90Id they 
we permitted to operate at any PF between 0.9 lagging and 0.9 
eading. We will examine the impact of each control strategy on 
tetwork capacity assuming that there is no preference for the 
tilocation of new generation capacity at any specific CEL 
ESULTS 
[he initial capacity allocation from OPF is presented in Table 1. 
FC results in the lowest total new capacity and exports. 
TABLE 1 - OPF capacity allocation with PFC and Intelli-Gens 
PFC Intelli-Gens Change 
CEL 1 9.2 MVA 28.3 MVA 19.1 MVA PF=+0.90 PF= -0.96  
CEL 10  25.9 MVA 24.8 MVA -1.1 MVA PF=+0.90 PF= +0.99  
CEL 11  15.3 MVA 33.0 MVA 17.7 MVA PF=+0.90 I PF= -0.96  
Total MVA 50.4 MVA 86.1 MVA 35.7 MVA 
E/IP -25.2 MW -38.1 MW 12.9 MW 
Losses 4.0 MW 29.2 MW 25.2 MW 
Obj.Fun. 1411.5 24242 1012.7 
)bviously, the broader the voltage operating region of the 
enerators the broader the solution space for the OPF. 
onsequently, the OPF objective function has a value which 
creases in each case that we relax the PF control further: in 
rn PFC-Gens and Intelli-Gens. However, the impressive total 
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capacity achieved from the Intelli-Gens comes at a cost: high 
losses. This is due to the fact that most of the reactive power 
consumed by Intelli-Gens during their attempt to maintain low 
terminal voltage, is provided from the distant hIP at bus 12. 
Reactive power traveling long distances through a network 
raises losses. 
CONCLUSION 
The main conclusion of this paper is that the relaxation of 
DNOs' strict PFC policies, specifically, through widespread 
application of intelligent automatic voltage/power factor control 
schemes allow the connecting capacity of the existing network 
to be better exploited. Further work is required to compare the 
potential benefits of intelligent local control with those that 
accrue from a more centralised, active approach to voltage 
control within the distribution network. 
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Intelligent Voltage and Reactive Power Control of Mini- 
Hydro Power Stations for Maximisation of Real Power 
Export 
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ABSTRACT 
Operating the automatic voltage regulator (A VR) of a small-scale water turbine-driven 
synchronous generator in constant power factor mode may lead to excessive voltage 
variations in a rural electricity network. Depending on the capacity of the hydro-
generator and the inherent voltage variation in the network, operating in constant 
voltage mode may lead the machine and A VR into excess excitation and shut-down or 
failure. Furthermore, network operators need not accept this method of operation, since 
an unconstrained machine may attempt to define voltages that will conflict with their 
automatic voltage control equipment. In this paper a hybrid mode of control is proposed 
that combines Automatic Voltage Control (AVC) and Automatic' Power Factor Control 
(APFC) modes. The ability to export active and reactive power from mini-hydro 
generators, which are connected to a weak rural network, is assessed under APFC 
mode of operation. This is contrasted in energy terms with the increase in dispatch 
available by operating more flexibly within the statutory voltage limits under the action of 
the proposed algorithm that automatically transfers between voltage and power factor 
control. 
Introduction 
In the UK and many other countries there is a significant drive towards electrical power 
generation from renewable resources. Additionally, the potential early retiral of central 
thermal power plants will increase the total and proportion of capacity of small-scale 
generators that are connected to Distribution Networks (DNs) in many countries. Mini-
hydro power generation plants featuring on synchronous generators (SGs) are expected 
to be a significant contributor to the total DN generation capacity. The larger renewable 
energy resources including mini-hydro tend to be geographically and electrically remote 
from load centres [1,2]. Unlike large-hydro plants that are connected to dedicated 
extensions of the transmission network, mini-hydro schemes are often at the end of long 
open-ended radial feeders at the edge of the Distribution Network, where the network 
impedance can be relatively high, with high resistance and a low X:R ratio. 
Truly dispersed mini-hydro generation is seldom centrally dispatched and the power 
produced can vary according to constraints imposed by run-of-river operation. 
Additionally, the hourly, daily and seasonal variation of local power demand can result in 
un-constrained bi-directional variation in' network power flow and consequently a wide 
fluctuation of busbar voltages is expected in these parts of the network. If un-restricted, 
these voltage variations may violate the statutory limits for quality of supply [3,4]. 
Distribution Network Operators must maintain voltage levels within statutory limits while 
supplying customers. Active network management or control of the distributed mini- 
hydro generators can achieve the limitation of these voltage variations. However, it has 
not been common practice to manage. actively the DN and this limits the export of real 
power to the network, reduces revenue and inefficiently utilises the hydropower 
resource. Another common way to increase access for distributed mini-hydro generation 
has been to reinforce the network but this is usually an expensive modification and can 
jeopardise the economic viability of otherwise attractive schemes. 
While voltage and power factor control techniques are individually well established, 
active transfer between the two modes is not widely practised as a means of increasing 
access for generation in the DN. Hybrid control has been shown to allow extended 
operation when generator production, network conditions or local demand would 
otherwise cause excessive voltage variation and plant shutdown. 
Impact of Connection of a Mini-Hydro Power Generator to the Rural Grid 
The UK distribution network has been significantly extended during the last 50 years, 
but its structure and operation has remained largely unchanged [2]. Energy is 
transferred from the bulk supply points (substations connecting the DN to the 
transmission grid) towards the far ends of the DN using overhead lines. Moving away 
from the primary substation the loads tend to become smaller and therefore the 
Distribution Network Operators (DNOs) use lines with conductors of decreasing cross-
sectional area. However, this means that the network resistance R per kilometre and 
line voltage rise increases. Therefore the amount of power that can be delivered within 
statutory voltage limits becomes smaller. Consequently, there are difficulties in shipping 
the amount of power generated at the far ends of the DN. This is expected to restrict the 
development of mini-hydro generation projects far from the Bulk Supply Points (BSPs). 
To illustrate the effect, an 11 kV radially tapered network is shown in Figure 1, where 
the busbar voltages are derived from the equation: 
(R -I- iXk)(I +I -iQk~I) per unit (1) 
k=1 
Each of the loads on the radial feeder is 2 MW operating at 0.8 power factor and all 
lines between buses have equal lengths. Moving towards the end of the feeder, the line 
impedance rises as the cross-sectional area of the feeder becomes smaller. In order to 
ensure quality of supply for all of its customers, the DNO will have to raise the voltage at 
the Bulk Supply Point (BSP) to around 1.03 Pu 50 that it remains above the lowest 
acceptable level even at the far end of the line. With the generator on bus 4 
disconnected, it is obvious from Figure 2(a) that although the loads are equal at all 
locations, the gradient of the voltage drop increases towards the end of the line because 
of the higher line impedance. For the same reason, it can be inferred that a generator 
connected close to the distant end of the feeder will cause a larger voltage rise than if it 
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Figure 1: Radially tapered network 
Connection of the 20 MW generator on bus 4 operating at constant 0.9 lagging power 
factor would alter the voltage profile of the line as Figure 2(b) shows. 
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Figure 2: Voltage profile of the 5-bus system with the generator off (a) and on (b) 
It is apparent that the network restricts the amount of power that can be accommodated, 
as at full output (1 pu), voltage levels at buses 3, 4 and 5 are outside the statutory limit 
of ±6% and the DG would have to reduce output to less than 50% of its capacity (0.5 
pu) to avoid disconnection. Reduction of local loads during the low demand periods will 
further reduce the amount of power that can be dispatched by the generator, as the 
power flow towards the BSP will be further increased, and therefore the voltage 
variation will be more severe. 
3 
In [6] is proposed that alternative solutions to this problem could be: reinforcing the 
feeder, operating the synchronous generator at a higher or leading power factor, 
lowering the voltage at the primary substation, or operating the generator in constant 
voltage mode. However, reinforcement of the feeder can be a very expensive process, 
operating the generator at leading power factor can cause instability problems due to 
under-excitation, the intermittent nature of renewable resources raises security issues 
regarding lowering the primary substation voltage as a sudden loss of a plant would 
suppress the voltage at the neighbouring buses below the permissible levels, and 
finally, operating the generator in constant voltage mode can cause unwanted action of 
the DNO's voltage control equipment. 
Control of Small Synchronous Generators Connected to a Rural Grid 
Currently there are two methods of control of synchronous machine-based mini-hydro 
power plants that are connected to the DN, namely Automatic Power Factor Control 
(APFC) and Automatic Voltage Control (AVC), although the second method is rarely 
used. 
Operation in Automatic Power Factor Control 
One method of implementing APFC would:  be to include in the excitation system a 
separate Proportional-Integral-Derivative (PID) compensator module that operates on 
the voltage setting of the Automatic Voltage Controller (AVR) to hold the generated 
power factor (PF) constant. The generator is usually loaded immediately after 
synchronising by increasing the speed setting in the governor, while simultaneously 
transferring the AVR from voltage control (AVC) for synchronising to power factor 
control (APFC). Thereafter active and reactive power ramp in constant ratio, up to any 
load limits set by the governor. However, the terminal voltage of the generator is not 
restricted and will vary with the changes in real and reactive power transferred through 
the line. This variation may become unacceptable in a weak DN and the generator will 
be required to limit power or shut down. Therefore APFC operation can limit dispatch in 
weak networks or else it demands upgrading of them in order to host increased 
amounts of generation. True APFC can only be applied when the network impedance is 
sufficiently low that machines can export full capacity without significant variation of their 
terminal voltage. 
Operation in Automatic Voltage Control 
Automatic power factor control is most easily applied when network impedance is low 
and when machines can export full capacity without a measurable increase in terminal 
voltage. While PF control used to be obligatory, some DNOs have recently allowed 
mini-hydro power plants at weak parts of the network to operate in AVC to provide some 
system voltage support [3]. This has to be evaluated carefully because larger capacity 
of generation can cause automatic voltage control equipment on DNO's transformers in 
the vicinity to operate in response and cause spurious operation of protection, 
particularly at times of light local load [4,5]. 
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Proposed Control Algorithm for Small Synchronous Generators 
Recent work has proven that a hybrid control system which combines the merits of both 
APFC and AVC can improve steady-state and slow transient voltage profile and is 
expected to increase net energy dispatch [3]. The block diagram of the combined 
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Figure 3: A VPFC block diagram 
The control block will engage the PID compensator for the periods that the terminal 
voltage is within a preset permissible band. The PID compensator will maintain constant 
power factor by comparing the tangent of the angle of terminal voltage (t/) and current 
(I) tan(co) with a reference value tan(ço f) (normal APFC action). Should the voltage 
violate the preset high or low limit, the control block would override the PID 
compensator and operate the SG in pure AVC mode, fixing voltage at Vh or V, 
respectively. The AVR will try to hold voltage constant by controlling the amount of 
reactive power generated (or consumed, for leading power factor). With the generator 
operating in AVC mode fixing voltage at Vh 'the control block will be monitoring the 
power factor (in the form of tan(p)). A more lagging PF than a preset value will mean 
that the AVR overexcites the generator in order to hold voltage and this will flag the 
control block to return to APFC. Conversely, while the AVR fixes voltage at V,, if the PF 
rises above a preset value (becomes more leading), the control block will again switch 
back to APFC. Hysterisis is provided for switching operations in order to prevent 
hunting. 
Automatic power factor and voltage control have been applied together before now, but 
to achieve other objectives. Over- and under-current protection forcing margins were 
maintained during network voltage disturbances by composite power factor and voltage 
control [7]. 
Simulation of Operation of APFC and AVPFC Controlled Mini-Hydro Power Plants 
Connected to the Distribution Network 
In order to evaluate the merit of implementing the proposed control method against the 
traditional APFC mode of operation, the system of Figure 5 was modelled in Matlab. 
5 
This system is a part of the actual scottish distribution network and has been identified 
as an ideal test system, in that it has a high content of potential mini-hydro power plant 
locations and being at the extremities of the rural network it demonstrates wide voltage 
variations due to the varying power flows. A day's (24 hours) operation of the network 
was simulated. The demand at all load locations was given a typical 80% domestic, 
20% industrial profile (Figure 4). 
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Figure 4: Load demand profile 
The power factor of the load was set at constant 0.9 lagging. Two potential mini-hydro 
power plants have been identified in the area covered by the studied network, 7 MW at 
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Figure 5: The test network 
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The simulation was performed twice; firstly with the generators operating in APFC mode 
with the power factor set at 0.95 and, secondly, using the AVPFC controller. The 
parameters of the AVPFC controllers of both generators are shown in Table 1. 
Maximum 'Voltage 1.04 pu 
Minimum Voltage 0.96 pu 
Voltage Hystensis ± 0.002 pu 
Operating PF . 0.95 lagging 
PF Hystensis ± 0.0005 
Generator PFmax 0.99 leading 
Generator PFmin  0.9 lagging 
Table 1: AVPFC parameters 
Results of the Simulations 
The results of the simulations of the two control modes for both generators are shown in 
the next sections. 
Potential site I: Location LI 
Connection of the 7 MW generator at location Li and operating it in APFC mode caused 
voltage variations that exceeded the maximum statutory limit. Tapping down the 
transformer on the bus reduced the average voltage but as Figure 6 shows, the voltage 
variation was wider than 0.12 pu and therefore it was inevitable that in the best case 
(tapping down the transformer to center voltage at approximately 1.0 pu), both the 
maximum and minimum statutory limits would be violated. 
Voltage at location Li: APFC 
El: Eli: ElEEE :lIEEE :; 
OVERVOLTAGE 
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Figure 6: Voltage at location L  (APFC mode) 
Therefore the generator would have to shut down for 4.5 hours during the low-demand 
period (01:00-06:00). This downtime would cause a loss of 31.5 MWh of generated 
energy and therefore significant loss of revenue. Additionally, there is another period of 
2 hours (17:15-19:15) during high demand that the voltage at this location would be 












Using the AVPF Controller, the generator did not cause any voltage violation and hence 
remained connected for the whole 24-hour period. Figure 7 shows the power factor of 
the generator and the voltage at the generator terminals. When voltage exceeded the 
(1.04 pu + hystensis) setpoint, the controller switched from constant power factor to 
constant voltage mode, holding voltage at 1.04 pu. The power factor rose (generated 
reactive power dropped) to hold voltage, and when the PF dropped back to the (0.95 pu 
- hystensis) setpoint it returned to APFC mode. 
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Figure 7: Generated power factor and voltage at location L  (A VPFC mode) 
The inverse procedure occurred during the 16:45 - 20:15 high demand period. 
Undervoltage was detected and the controller switched to AVC mode holding voltage at 
0.96 pu. Increase of PF above the (0.95 pu + hysterisis) setpoint triggered the controller 
to switch back to APFC mode of operation. It is worth noticing that there is a 2-hour 
period during the high demand, in which the AVR cannot hold the voltage constant. It 
can be observed that during that period, the SG has reached its maximum reactive 
power capability (minimum PF) and the excitation overcurrent protection circuits 
disallow excitation to increase. Therefore no more reactive power can be generated and 
the voltage cannot be supported any further. 
Potential Site 2: Location L3 
The voltage at L3 with the generator operating in APFC mode is shown in Figure 8. 
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The 5 MW generator causes unacceptable voltage rise above the maximum permissible 
value of 1.06 pu for 4 hours during the low demand period. In this case the - local load is 
not big enough to cause a voltage drop below the 0.94 Pu statutory limit. Utilising the 
AVPF controller the terminal is once again restricted within the permissible band as 
Figure 9 illustrates. This would allow the generator to export an additional 20 MWh 
therefore maximising revenue. 
Generator power factor 
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Figure 9: Generated power factor and voltage at location L2 (A VPFC mode) 
In this case, the drop of PF that can be observed during the low demand period is 
because the SG is operating at leading power factor and, therefore, it imports reactive 
power in order to reduce its terminal voltage. Additionally, during the high demand 
period, the machine managed to maintain constant voltage at 0.96 Pu without hitting the 
over-excitation limits. 
Conclusion 
The number of mini-hydro generators in the distribution network and particularly at its 
weak corners is increasing. In this paper the impact of increased generation capacity by 
synchronous machines in the distribution network was discussed and the conventional 
methods of SG control, namely the Automatic Voltage Control and the Automatic Power 
Factor Control were reviewed. While voltage and power factor control techniques are 
well established, active transfer between the two modes has seldom, if ever, been 
utilised in order to allow extended operation when local demand conditions would 
otherwise cause excessive voltage rise or drop and plant shutdown. This made 
apparent the need for an intelligent control strategy of the mini-hydro generator and a 
possible solution was proposed, the Automatic Voltage I Power Factor Controller. 
Extensive simulations have shown that the proposed approach has great potential for 
adoption by mini-hydro generation plant developers and equipment manufacturers, as it 
is expected to significantly increase the capacity of the generator at a potential site, and 
/ or increase developer's revenue by allowing increased connection time. The proposed 
method is easy to implement both in new and existing sites where generating plant is 
controlled by programmable logic controllers (PLCs), and the algorithm can be 
embedded as an extension to their existing code. 
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I ABSTRACT 
Distributed generators are normally operated in automatic 
power factor control, although this can be more difficult in 
weak areas of the distribution network as they are frequently 
connected to long open-ended radial feeders, which have low 
XJR ratios and high resistance. The un-constrained bi-
directional power flow may cause unacceptable voltage 
fluctuations that would cause generator or other system 
protection to operate. Operating the generator in constant 
voltage mode is only occasionally acceptable to distribution 
network operators, since an unconstrained machine may 
attempt to define voltages that conflict with setting of their 
automatic voltage control equipment. Line-Rise 
Compensation (LRC) is a network control technique that may 
lower steady-state overvoltages. This paper will discuss the 
implications, consequences and benefits of network LRC 
control compared to flexible control of power factor and 
voltage of the distributed generator. 
DISTRIBUTED GENERATION CONNECTED TO A 
RURAL NETWORK 
Government initiatives to generate more electricity from 
renewable resources, and the potential early retiral of central 
thermal power plants will increase the total and proportion of 
capacity of Distributed Generation (DG) in many countries. 
The larger renewable energy resources tend to be 
geographically and electrically remote from load centres 
[1,2]. Consequently many distributed renewable energy 
generators (e.g. wind; marine, mini-hydro power plants) will 
be connected to long open-ended radial feeders in the 
Distribution Network (DN), which have low )c7R ratios and 
high resistance. The intermittent nature of most renewable 
energy generation and the hourly, daily and seasonal variation 
of local demand results in un-constrained bi-directional 
variation in network power flow. The presence of the 
distributed generation results in local voltage variations that 
can cause more frequent operation of network voltage control 
equipment. If un-restricted, these voltage variations may 
violate the statutory limits for quality of supply [3,4]. 
Limitation can be achieved by active network management or 
control of the distributed generators. It has not been common 
practice to manage actively the distribution network and, 
unless the network is upgraded at the developer's expense, the 
avoidanve of network overvolages may restrict the power that 
can be delivered by the DG, with associated loss of revenue. 
IMPACT OF CONNECTION OF SYNCHRONOUS 
GENERATORS IN THE DISTRIBUTION NETWORK 
The distribution network has been significantly extended 
during the last 50 years, but its structure and operation has 
remained largely unchanged [2].  Energy is transferred from 
the bulk supply substations towards the far ends of the DN 
using overhead lines. Moving away from the primary 
substation the loads tend to become smaller and therefore the 
Distribution Network Operators (DNOs) use lines with 
conductors of decreasing cross-sectional area. However, this 
means that the network resistance R per kilometre increases 
and this restricts the development of DG projects far from the 
Bulk Supply Points (BSPs), as the increased R will amplify 
the voltage fluctuation due to generated power export, as 
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Figure 1 - Radially tapered network 
In an 11 kV radially tapered network such as the one shown 
in Figure 1, the bus voltages are derived from the equation: 
= 
- 
(Rk  + iXk - iQk+1) pu (1) 
v+, 
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With the DG on bus 3 disconnected, it is obvious from Figure 
2 that although the loads are equal, the voltage drops increase 
towards the end of the line and that is because of the higher 
line impedance. For the same reason, a DG connected close 
to the distant end of the feeder is expected to cause a larger 
voltage rise than if it were closer to the bulk supply point. 
5-bus system - DG disconnected 
1 2 3 4 5 
Bus number 
Figure 2— Voltage profile with the DG disconnected 
Connection of the 20 MW generator on busbar 4 operating at 
constant 0.9 lagging power factor would alter the voltage 
profile of the line as Figure 3 shows. It is apparent that the 
network restricts the amount of power that can be 
accommodated, as voltage levels at buses 3, 4 and 5 are 
outside the statutory limit of ±6% and the DG would have to 
reduce its output to less than 0.5 Pu to avoid disconnection. 





1 a 4 5 
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Figure 3—Voltage profile with the DO connected 
Dther alternative solutions could be [6]: 
• to operate at a higher or leading power factor, 
• to lower the primary substation voltage, 
• or to operate the DG in constant voltage mode. 
TRADITIONAL CONTROL OF DISTRIBUTED 
GENERATORS 
rraditional control of synchronous machine-based DGs 
ncludes Automatic Power Factor Control (APFC) and 
utomatic Voltage Control (AVC), although the second 
nethod is rarely used. 
One method of implementing APFC is to include in the 
excitation system a separate control module that operates on 
the voltage setting of the AVR to hold the phase angle 
between generator terminal voltage and current constant. 
DGs are usually loaded immediately after synchronising by 
increasing the speed setting in the governor, while 
simultaneously transferring the AVR from voltage control 
(AVC) for synchronising to power factor control (APFC). 
Thereafter active and reactive power ramp in constant ratio, 
up to any load limits imposed by the governor. However, the 
terminal voltage of the generator is not restricted and will 
vary with the changes in real and reactive power. This 
variation may become unacceptable in a weak DN and the DG 
will be required to limit power or shut down. Therefore APFC 
limits capacity in weak networks or demands upgrading of 
them in order to host increased amounts of generation. True 
APFC can only be applied when the network impedance is 
sufficiently low that machines can export full capacity without 
significant variation of their terminal voltage. While PF 
control used to be obligatory, some DNOs have recently 
allowed DGs to operate in AVC in order to provide some 
system voltage support [3].  Such a control strategy should be 
evaluated very carefully as larger capacity DGs can cause 
AVC equipment on DNO transformers to operate in response 
[4,5]. 
HYBRID VOLTAGE / POWER FACTOR CONTROL 
OF DISTRIBUTED GENERATORS 
There is a need to increase the capacity of existing networks 
by minimising / mitigating voltage violations. It has been 
shown that a hybrid control system that combines the merits 
of both APFC and AVC can improve steady-state and slow 
transient voltage profile and increase net energy dispatch [3]. 
The block diagram of such a system is shown in Figure 4. 
I Generator tan(ç,4 
PID AVR& V II;I:  L s 
tan(q) 4 
estimation 
Figure 4— AVPFC block diagram 
After synchronising, the SO could be brought towards 
maximum power output in APFC until the busbar voltage 
exceeded a specified threshold voltage within statutory limits. 
At that point APFC could be replaced with AVC to vary 
excitation and move the SG's operating point within the 
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back into APFC by sensing the increased demand for reactive 
power and therefore the reduction of power factor. Following 
the inverse route, this system would also enable voltage 
support at times of heavy local load. A small amount of 
hysterisis around the decision thresholds would prevent 
hunting between control modes. The AVR's over- and 
underexcitation limiters would restrict reactive power within 
the generator's operational region when in AVC mode. 
LINE DROP I RISE COMPENSATION 
Autotransformers (ATs) with On-Line Tap Changers 
(OLTCs) and Automatic Voltage Control (AVC) equipment 
have long been used in the DN to hold terminal voltage within 
an acceptable band (Figure 5) [7,8]. The voltage on the 
secondary winding of the AT (bus 3) is measured and the tap-
changing mechanism on the primary winding adjusts in order 
to hold voltage V3 within a predefined band. However, no 
information is provided on the voltage level at the other end 
of the feeder (bus 4) and in cases of high load/low generation 
or low load / high generation voltage V4 on the remote busbar 
may pass the lowest or highest permissible levels respectively, 






Figure 5—AT with OLTC in the DN 
Line Drop Compensation (LDC) is a technique that has been 
used in the past to mitigate large voltage drops on a bus in a 
weak DN when local load was high, by appropriate control of 
the voltage on a bus closer to the bulk supply point. The 
distribution line between them is simulated by a resistor and 
an inductor with values that match the ones of the line (R2, 
X2). The voltage on the secondary winding of the AT of 
Figure 5 is applied to this simulation circuit and by feeding it 
a fraction of the line current, a voltage drop proportional to 
the one of the line is created across the resistor and the 
inductor. This voltage is then used as a control signal for the 
OLTC and therefore voltage V4 on the remote bus is 
maintained within a permissible band [7-9]. An extension of 
this technique, Line Rise Compensation (LRC), that would 
accommodate line voltage rise as well as line voltage drop, 
would improve the voltage profile of DN buses with DGs 
connected to them and therefore it is expected to allow larger 
capacities of generation to be connected. 
SIMULATION OF THE PROPOSED METHODS 
In order to evaluate the merit of implementing the proposed 
control methods against the traditional APFC mode of 
operation, the test system of Figure 5 was modelled in Matlab. 
The details of the system are shown in Table 1 below. A  
varying load with a typical rural profile (Figure 6) was 
applied on bus 4 and a 24-hour simulation of 3 cases was 
performed: 
APFC and AT'S taps fixed at 1.0 pu 
AVPFC and AT'S taps fixed at 1.0 pu 
APFC and the AT in LRC mode 
TABLE 1 - Test network data 
V 01.1, 11 kV 
Trans. tap setting at BSP 1.03 pu 
R1 0.11580 pu 
X1 0.09260 pu 
Rtrormr  0.00321 pu 
Xtrnsore.,, r 0.04625 pu 
R2 0.21480 pu 
X 2  0.17200pu 
Pc 3.0 MW 
PL 4.0 MW 
0.8 
The (fixed) tap Setting of the transformer at the BSP is set at 
1.03 pu, as it would be in order to compensate the voltage 
drop that would ensue on the lines due to the load on bus 4 
without the presence of the DG. 
24-hour load profile 
I  
CL 
3 6 9 12 15 18 21 24 
time (hours) 
Figure 6— Profile of load on bus 4 
The results of these simulations are presented and discussed 
in the sections that follow. 
Simulation 1: Normal Operation (APFC, no LRC) 
The response of a typical APFC generator setup without LRC 
operation of the AT is shown in Figure 7. The power factor of 
the generator remains constant and set at 0.95 lagging 
throughout the whole 24-hour period. However, during the 
low demand period between 04:30 and 07:30, voltage would 
rise above the 1.06 pu limit and the generator would be 
disconnected by the network interface protection of the 
machine. Alternatively, the generator could reduce its output 
but this would require continuous supervision of the DG, and 
either manual or automatic adjustment, by way of a control 
module on the governor. In both cases the revenue from 
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energy sales would be reduced due to the reduced real power 
export and/or the increased operational costs. 
Exported real power 
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exported reactive power 
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DG power factor 1.0- 1  
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Figure 7— APFC operation 
Furthermore, during the peak demand period 17:00-19:00 the 
voltage was found to be below 0.94 pu and would remain low, 
unless there was a priority load disconnect scheme. 
Simulation 2: DG under AVPFC control 
The effects of utilising AVPFC under the same demand curve 
are shown in Figure 8 below. The controller was set to limit 
voltage between 0.97 - 1.03 pu. 
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Figure 8— AVPFC operation 
When the reduction of the local demand pushed voltage 
above the 1.032 pu setpoint, the controller switched to 
constant voltage mode holding it at 1.03 pu (the 0.002 
difference is deadband provided for hunting prevention). 
Power factor rose towards and past unity and when it was 
pulled back below 0.9495 (lagging) due to the increase of the 
local demand, the controller switched back to constant PF 
mode, holding it at 0.95 (the deadband is introduced for the 
same reason). In these 3 extra hours that the DG operated 
(compared to APFC), it exported another 9 MWh with the 
consequent increase of revenue. Additionally, during the high 
local demand period that voltage fell below the 0.968 setpoint 
the controller switched again to constant voltage holding it at 
0.97 pu. Significantly, there was a 1-hour period during the 
peak demand that although in constant voltage mode, the 
controller could not hold the voltage at 0.97 pu, because the 
machine had reached its maximum reactive power capability.. 
The voltage was still above the —6% limit although this might 
not always be the case. 
Simulation 3: AT in LRC mode 
Figure 9 shows the simulation results of the same system with 
the autotransformer OLTC mechanism operating in LRC 
mode and the DO in APFC holding PF at 0.95 lagging. 
Exported real power 
Exported reactive power 










time  (hours) 
Figure 9— LRC operation 
The AT was set to hold voltage on bus 4 using line rise 
compensation at 1.03 pu ±1%. The OLTC mechanism on the 
primary of the AT has 17 taps, and each of them changes the 
transformer ratio by 1.25%. As Figure 9 shows, the AT 
manages to hold voltage within the requested limits but at the 
expense of a high number of tap operations (24). The 
frequency of tap changes may lead to rapid wear out of the 
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DISCUSSION OF THE RESULTS 
Automatic power factor control of a synchronous generator in 
the distribution network may cause unacceptable voltage 
variations if the generator is large enough and I or the network 
impedance is high. This is a very common case at the remote 
ends of the DN where renewable energy resources are more 
likely to be found. Line voltage rise compensation may be 
used to mitigate the wide voltage fluctuations due to the 
existence of the DG in the network in the same way that line 
voltage drop compensation is used to reduce voltage 
fluctuations due to varying loads. However, the 
autotransformer's tap changers are expected to operate 
frequently in order to hold the voltage within the prescribed 
limits and this will increase maintenance costs for the DNO. 
A hybrid voltage / power factor control scheme of the DO 
may be a viable alternative since it was shown that can it 
maintain voltage within a predefined band with no extra 
equipment installation required by the DNO. An existing 
generator would then be allowed to stay connected for longer 
periods, resulting in increased power export, and would also 
allow larger capacities of new generation to be connected 
without the need for network upgrade. However, developers 
have to discuss such a possibility with the DNO beforehand. 
A combination of AVPFC and LRC may be possible but 
further investigation should be carried out, as the two 
techniques may conflict during the periods that AVPFC will 
be trying to maintain constant voltage. 
CONCLUSIONS 
Unlike central power stations where their placement can be 
planned, the sites of small-scale renewable energy generation 
plants are dictated by the availability of the resource. Large 
amounts of renewable energy are most likely to be found 
geographically and electrically remote from load centres. 
With network reinforcement being an extremely expensive 
operation, renewable energy generators are expected to be 
connected to long open-ended radial feeders in the 
distribution network that will mainly consist of overhead 
lines, which have low X/R ratios and high resistance. The 
output of most renewable energy generation cannot be 
scheduled. This, in addition to the wide variation of local 
demand will result in un-constrained bi-directional variation 
in network power flow and consequently voltage fluctuation 
that may violate the statutory limits for quality of supply. In 
this paper a hybrid control algorithm that combines automatic 
voltage and power factor control has been presented and 
compared to line voltage rise / drop compensation. 
Simulations have shown that it can improve voltage profiles 
in the distribution network and at the same time avoid the 
extra capital and maintenance costs of utilisation of an LRC 
scheme. This can make potential renewable energy projects 
more attractive and increase the profit of existing ones. 
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INTRODUCTION 
This paper describes the construction and test of a 
software model of a weak rural distribution network 
containing embedded water turbine driven synchronous 
generators (EGs). The characteristics of the network 
and its influence are related by development of the 
universal power circle diagram. The delivery of active 
and reactive power when the EG is operated purely in 
automatic power factor control (APFC) is compared 
with that when operated in automatic power factor 
control modified by voltage control (AVPFC). It is 
shown that this combined control enables increased EG 
dispatch within statutory network conditions. 
IMPACT OF SYNCHRONOUS GENERATORS 
The effects of EGs connected to rural distribution 
networks include steady state, slow and transient 
variations of local voltage levels. The statutory limits 
on voltage levels of the rural supply are ±6%. (1) 
Excursions lower than this can cause voltage control 
equipment on transformers at primary substations to 
operate as a result of the EG production, and this is not 
desirable. A net reversal of power flow in the line due 
to the presence of a new EG can lead to a voltage 
violation that is not acceptable. The Distribution 
Network Operator assesses the voltage change arising 
from the operation of a proposed EG. The DNO may 
attribute the cost of consequent network reinforcement 
to the connection costs of the new EG and this can 
impede development of otherwise attractive sites. 
The ability to export active and reactive power without 
voltage violation depends on network characteristics 
above the point of connection, and on the active and 
reactive power exported from the local busbar. Line 
power flow is reduced by local demand according to 
daily and seasonal patterns. The network impedance 
and X:R ratio can also vary due to automatic 
reconfiguration, but less frequently. Changes in local 
loading and network configuration causes local voltage 
excursions that can shut down the EG with loss of 
production and revenue. These effects are widely 
experienced by operators of synchronous EGs in rural 
areas. Depending on its capacity and the inherent 
voltage variation in the network, there may be merit in 
operating the EG with the excitation system in constant 
voltage mode as necessary. The ability to operate 
inside an acceptable voltage envelope and the  
opportunity to reduce network reinforcement costs 
could increase EG development. 
Additionally, at times of high local load, or when 
network impedance led to reduced voltage at the local 
busbar the EG could be used to attempt to maintain 
voltage. Recent work has considered the use of 
embedded diesel generators to provide such voltage 
support. (2, 3) While this could provide a measure of 
network support in the weak areas Distribution 
Network Operators need not accept this method of 
operation. An unconstrained machine in voltage 
control could attempt to define voltages that may 
conflict with their automatic voltage control 
equipment, and cause spurious operation of protection, 
particularly at times of light local load. (4) If the EG 
tried to meet an excessive demand for reactive power, 
as voltage continued to fall, the AVR could force 
excitation with damaging results. While excitation 
overcurrent or busbar undervoltage protection should 
limit this they would shut the plant down, with loss of 
production and the need for a restart. (5) There is a 
need to make best use of potential EG plants both from 
the developers' and the DNOs' point of view. 
Power factor and voltage control have been applied 
together before now, but to achieve other objectives. 
Overcurrent protection forcing margins were 
maintained during network voltage disturbances by 
composite power factor and voltage control. (6) Line 
voltage drop compensation is a long-established 
technique that has been used to assist the performance 
of synchronous motors at the end of long radial 
feeders. Torque was maintained by the action of a 
power factor/voltage regulator that sensed reduced 
voltage and increased excitation. (7) A converse 
process - line rise compensation is shown in this paper 
to improve the operation of synchronous EGs on weak 
networks. Power factor and voltage control are actively 
exchanged to maximise the dispatch of active power 
within voltage limits under varying network and load 
conditions. 
DISTRIBUTION LINE CIRCLE DIAGRAM 
If the EG produces P5 ,, + jQgcn and the local load is 
P10 + jQi, the complex power delivered to the line 
shown in figure 1 is 
Sline = (Pgen Pioatj) +j(Qg Qio) VA (1) 





Figure 1 - Radial feeder with connected EG 
From the phasor diagram in figure 2 the per-unit 




Figure 2— Voltage Phasor Diagram 
Equations 1 and 2 show that, where line power flow is 
dominated by EG production, operating synchronous 
EGs at a constant power factor will result in voltage 
excursion as the plant tries to export reactive power in 
constant proportion to active power. Line impedance 
directly increases voltage rise. Line X:R ratio skews 
the effects of real and reactive power. A clearer 
appreciation of these may be obtained by considering 
the Universal Power Circle Diagram (UPCD) for a 
short distribution line shown in figure 3. (8) 
Figure 3 - UPCD for short distribution line 
For Xiine >> Rune angle 9 approaches -90° degrees and 
the diagram resembles that of a synchronous generator 
connected to the infinite grid. At the edges of the 
distribution network, where the X:R ratio tends to be 
lower, 9 is less than 900  and The voltage origin and 
centre of constant Vb circles rotates around a  
semicircle towards the -Q axis by less than 900.  The 
complex power line drawn out of the PQ origin may be 
used to prescribe constant MVA circles and power 
factor lines at the remote end of the line, as shown in 
figure 4. (9) If the voltage at that end of the line is 
constant (nominally 1.0 pu) semi-circles of constant 
busbar voltage may be drawn, including voltage limits. 
Figure 4— Composite UPCD 
The effects of changing network impedance may be 
separated from changing line power flow. Only 
increased complex power flow moves point k further 
away from the PQ origin, towards voltage limits. 
Where X:R ratios are high dispatch of reactive power 
will rapidly take the busbar voltage to the overvoltage 
limit. Where the X:R ratio is lower reactive power 
flow has less effect and eventually active power flow 
becomes limited by the anti-clockwise rotation of the 
voltage phasors and voltage circles. Increased network 
impedance re-scales the constant voltage circles to 
bring the limits closer to or inside point k. This limits 
dispatch of complex power. While these diagrams are 
based on complex power flow in the line, they are 
useful to visualise the effects of network changes on 
the limits of operation and dispatch of synchronous 
EGs connected to the local busbar, particularly where 
the capacity of the EG is dominant. They also enable 
computation and examination of loci of busbar voltage 
as the EG is loaded or as local demand varies, while 
the plant is in constant power factor or constant voltage 
control. 
OPERATION IN AUTO PF CONTROL 
One method of implementing automatic power factor 
control is to include in the excitation system a separate 
control module that operates on the (motorised) voltage 
setting potentiometer of the AVR to hold the phase 
angle between generator terminal voltage and current 
constant. EGs are usually loaded immediately after 
synchronising by increasing the speed setting in the 
governor, while simultaneously transferring the AVR 
from voltage control (AVC) for synchronising to 
power factor control (APFC). Thereafter active and 
reactive power ramp in constant ratio, up to any load 
limits. Increasing EG dispatch at constant power factor 
moves the operating radially ,away from the PQ origin. 
If local demand is steady, or if EG capacity exceeds 
local demand, the operating point of the busbar will 
also move down a constant power factor line towards 
and through the voltage limit, resulting in the plant 
being shut down. The margin below the limiting 
voltage circle for development of maximum active 
(and then) reactive power can vary in real time, with 
variation of local load and network configuration. 
OPERATION IN AUTO VOLTAGE CONTROL '  
Automatic power factor control is most easily applied 
when network impedance is low and when machines 
can export full capacity without a measurable increase 
in terminal voltage. While PF control used to be 
obligatory, some DNOs have recently allowed EGs at 
weak parts of the network to operate in auto voltage 
control to provide some system voltage support. This 
has to be evaluated carefully because larger capacity 
EGs can cause AVC equipment on DNO transformers 
to operate in response. However, automatic power 
factor control combined with automatic voltage control 
of EGs will be an asset to developers if it allows 
continuous operation of the plant as local load and 
network parameters vary, or allows deferral of network 
reinforcement. 
AUTO VOLTAGEIPF CONTROL (AVPFC) 
After synchronising the EG could be brought towards 
capacity in constant power factor mode (travelling out 
on its constant power factor line) until the busbar 
voltage exceeded a threshold voltage within the 
statutory limits. At that point APFC could be replaced 
(smoothly) with AVC to vary excitation and move the 
operating point around the constant voltage circle 
within the busbar overvoltage limit. Increased local 
load and reduction in terminal voltage could take the 
system back into APFC by sensing the increased 
demand for reactive power and therefore the reduction 
of power factor, as could variation in network 
impedance. This system would also enable voltage 
support at times of heavy local load. On reaching a 
voltage just above the undervoltage limit the excitation 
system would be transferred to AVC to maintain local 
voltage. Excitation under- and over-voltage and over-
current protection should protect the EG excitation and 
control system against prolonged forcing. 
PROOF OF CONCEPT MODEL 
A combined control system and algorithm for AVPFC 
was developed in MATLAB© & SIMULINK© 
running under Unix. This provided a simulation  
environment that inherently combined network power 
flow analysis and control system design tools. The 
Power System Blockset© allowed the design and 
development of unique models and control algorithms 
not readily available elsewhere. Solving network 
power flow at each time step in the control response 
resulted in long computation times when modelling 
the real-time response of the controllers - even in 
simple networks. Using a discrete solver accelerated 
the process but a simulation time step of 50 jis was 
necessary to simulate line-switching transients. (10) 
Even at this, to simulate 1 second of operation with a 
1.7 GHz processor and 512 Mb of RAM required 
around 3.5 seconds in real time. To enable simulation 
of 30 minute variations of local load over 24 hours of 
operation each 30-minute step was reduced to 30 
seconds. This allowed the system to reach steady state 
after each load change and reduced the overall 
simulation time to less than 90minutes. 
The network constructed to test the concept of the 
AVPFC is shown schematically in figure 5. A 12.5 
MVA water-turbine driven synchronous EG was 
connected to an 11 kV local busbar. A corner of a rural 
network with three phase symmetrical short circuit 
fault level of 164 MVA was represented (to 10MVA 
base) as a total impedance of 0.048+jO.038 Pu and X:R 
ratio of 0.8. Two parallel lines of individual impedance 
3/2 and 3 times this value gave a possible 3:1 ratio of 
impedance when the lower impedance line was tripped. 
Two loads, one of 7.5 MVA and one of 2.5 MVA, at 
0.8 PP were connected to the local busbar, and with the 
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Figure 5 -Test Network 
CONTROLLER DESIGN 
Two alternative systems were modelled and compared. 
Power Factor Controller 
PFC was modelled to include a simple PID controller 
shown in block diagram form in figure 6. The error 
signal driving the P11) was derived from the difference 
of tangents of phase angles from measured and preset 
power factors. This ensured that the input term was 
always single-valued over the range of control. 
L t pioLer t 
Factor 
Figure 6 - Power Factor Controller block diagram 
Automatic Voltage Power Factor Controller 
Figure 7 shows the block diagram of the AVPFC 
wherein separate auto-voltage and auto-PF controllers 
operate alternately dependent on the voltage at the 
generator terminals. The output of either the voltage or 
power factor controller is connected by V/PF switching 
logic to the raise/lower controls of the motorised 
voltage setting potentiometer and sets the reference 
voltage for the Automatic Voltage Regulator (AVR). 
This is an established practice. Alternatively in some 
applications the power factor controller adjusts Vrof by 
injecting a current through the whole potentiometer 
winding, which provides faster response. 
The V/PF switching logic switches from APFC to 
AVC depending on the voltage Vb,, at the generator 
terminals, which is measured continually. While Vb,, 
is below the target voltage V (set below the 1.06 .pu 
limit), the output of the PFC adjusts the AVR reference 
voltage input If Vbl,  rises to V, the output of the 
PFC is disconnected and the reference voltage V is 
connected to the setting potentiometer. The APVFC is 
now in voltage control and regulates Vb, to V, by 
decreasing excitation. To prevent a step change in V ef 
and excitation at changeover the difference between the 
PFC output and the target voltage Vw is minimised 
continually. A difference signal from the V/PF 
switching logic block is fed back to the PF controller. 
While the AVPFC operates in voltage control this 
feedback signal causes the output of the (disconnected) 
PFC to mirror the generator terminal voltage. 
Target 
Voltage 




Figure 7— Auto Voltage/Power Factor Controller 
Changeover takes place smoothly in either direction. 
Release from voltage control cannot take place on 
falling voltage because, ideally, the AVR will hold Vb 
at Vu. A high demand for reactive power that would 
cause the voltage to fall also results in excitation 
overvoltage and current that has to be limited in the 
model. Falling power factor is used to re-establish 
APFC when the generator power factor falls below the 
preset value in the controller - typically 0.8 lagging. 
TEST RESULTS 
Four tests were simulated: EG connection and loading, 
local load loss and reconnection, parallel feeder 
tripping and re-closure, and finally 24 hours of EG 
operation in conjunction with a local load varying to a 
typical rural/urban demand profile. To simulate fully 
the start and loading process an auto-synchroniser was 
incorporated acting on the governor and AVR set 
points to ensure synchronising within prescribed 
tolerances. (11, 12) The real-time variation of network 
complex power flow and voltage response was 
compared in simple auto power factor control (APFC) 
with that in composite auto voltage power factor 
control (AVPFC). The time variation of EG active and 
reactive power, power factor and terminal voltage are 
shown below. 
Test 1: EG Connection and loading 
The EG was synchronised and pre-loaded to P=0.05 pu 
by applying a momentary speed raise instruction to the 
governor set point. At t = 30 s the load set point was 
raised to establish a ramp in the active power of 
gradient just less than 0.00 1 pu/s. Rated active power 
was reached after 1000s. The simulation was 
performed twice, once with the EG in APFC with a 
preset power factor of 0.8 lagging and again in AVPFC 
with the same preset power factor, but with a target 
voltage V.=1.054 pu. The local load in this case was 
set close to zero to exaggerate the effects of the EG. 
EG r* pow,,  
EG knaginary power 
EG power factor 
08 
EG bus vooge 
_
0 100 2W 3M a Soo am NO ODD 9M low 
____ 
(sac) 
Figure 8 - Machine loading results 
In figure 8 the dashed trace is the effect of the EG in 
APFC and the solid one is for AVPFC. In APFC the 
power factor was held at 0.8 lagging, and this brought 
about a voltage violation at t z,530 s, when the machine 
was only part-loaded. In AVPFC the effects were 
identical until the bus voltage reached V=l .054 pu, 
when auto PF control was superceded by auto voltage 
control. To hold the busbar voltage constant the AVR 
reference setting and excitation voltage was reduced. 
Reactive power was seen to fall and at t 870 s the 
power factor passed through unity. Further increase of 
active power required the EG to operate at a leading 
power factor, when reactive power drawn from the 
network would have held the busbar voltage at the 
target value. Operationally this would have to be 
incorporated in a connection agreement with a willing 
DNO, but the simulation has illustrated the possibility 
of transfer to voltage control. 
Test 2: Local load loss and reconnection 
The EG was synchronised. At t = 25 s the 7.5 MVA 
load was tripped and then re-connected 25 seconds 
later. The effects of the load changes are shown in 
figure 9 for the EG in both modes of control. 
Operating simply in APFC the EG power factor 
remained substantially constant at 0.8 lagging through 
load loss and restoration, but for some transients after 
switching. Rapid field reduction can reduce these 
transients and this is being investigated at the time of 
writing. On loss of local load the initial surplus 
reactive power was exported into the network and 
caused a 0.07 pu voltage rise to 1.09 pu with resulting 
violation and requirement to shut down the EG. In 
AVPFC the response was different. On reaching the 
target voltage V= 1.054 pu the voltage control took 
over and attempted to hold the busbar voltage at this 
level. Generator excitation was reduced and reactive 
power fell to less than 2MVAr, with the EG close to 
unity power factor. On reconnection of the additional 
local load, the power factor momentarily fell below 0.8 
lagging at this excitation and the control system 
returned to APFC, to restore and hold power factor at 
the target value. 
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Figure 9— Load switching results 
The magnitude (>1.06 pu) and the duration (>0.5 s) of 
a small voltage transient demonstrated that the 
generator would be shut down. With careful selection 
of Vth and V, and adjustment to time constants the 
duration of the overvoltage may be reduced below 0.5 
seconds. 
Test 3: Feeder tripping and reclosure 
Loss of (parallel) rural feeders is commonplace and 
results in vector shifts and voltage changes that cause 
spurious operation of Loss of Mains protection, or 
correct operation of overvoltage protection. To test the 
way the composite control would react to network 
reconfiguration a local load of 7.5 MVA was 
connected at 0.8 lagging power factor. The generator  
was set to deliver 12.5 MVA at 0.8 lagging power 
factor, and the lower impedance line was tripped and 
re-connected with the results shown in figure 10. 
When both lines were connected and the EG was in 
APFC the busbar voltage was 1.042 pu. At t = 25 s 
one line was tripped and the network impedance 
trebled. Since the EG operated at constant power 
factor the resulting busbar voltage was 1.11 pu. 
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Figure 10— Line switching results 
This would cause a violation and shut down. With 
AVPFC selected the effects were identical until the 
busbar voltage exceeded the target voltage. Sensing the 
overvoltage, excitation and reactive power were 
reduced to hold the voltage at 1.054 pu. Reconnection 
of the second feeder reduced the busbar voltage below 
the target level and the additional export of reactive 
power brought the power factor below the preset for 
APFC. This transferred the EG back into power factor 
control, held at 0.8 lagging. 
Test 4: Operation with time-varying local load 
To test the response of the EG to voltage variations 
brought about by changes in local load, a variable load 
was connected to the local busbar to simulate the time 
as,uarl triau ai a ijirniw V auuIauuLI. 
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Figure 11 - Local load profile 
Figure 11 shows the actual demand profile that was 
applied at constant 0.8 power factor. The software 
contains 9 fixed loads of which 8 were switched in 
binary logic to simulate a 256 level variation over 
constant minimum demand. Alternative simulations 
were carried out with the EG in APFC and AVPFC. 
The smoothed variation of network power flow and 
busbar voltage is shown in figure 12. At times of low 
load demand the excess generated power is exported to 
the network. 
In APFC, fixing the EG power factor at 0.8 lagging 
exported reactive power to the network and led to 
busbar voltage rise. Between 04:00 and 07:30 the 
voltage rise was found to exceed 1.06 Pu and the EG 
would have been tripped and locked out at 04:00. 
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Figure 12— Variable load results 
The next opportunity to generate in APFC would be at 
07:30, illustrating significant loss of generating time. 
Over the same demand curve, the effects in AVPFC are 
quite different. While the busbar voltage was below 
the threshold voltage Vth the controller operated the EG 
at constant 0.8 power factor. When the voltage rose 
above that the controller switched to voltage control 
and decreased excitation to hold bus voltage at 1.054 
pu. Generated and line reactive power dropped and the 
generator power factor moved towards unity. 
Increased demand caused the busbar voltage to fall and 
the generator power factor to drop below 0.8 lagging. 
This returned the AVPFC system back to PF control 
and thereafter the power factor was held at 0.8 lagging. 
DISCUSSION AND CONCLUSIONS 
There is a need for EGs to be able to operate within a 
voltage envelope to maximise dispatch of active power. 
Additionally, at times when network voltage is 
depressed the same system could export controlled 
reactive power for system voltage support. Some 
DNOs are now prepared to consider and integrate EGs 
that can operate to provide voltage support. Network 
reinforcement costs may be deferred and loss of 
generation due to over-voltage shutdown may be 
reduced. Busbar, generator and excitation system 
protection settings and timings will require to be 
applied carefully, within statutory and manufacturers' 
limits to ensure that EG plant operates within accepted 
network voltages and machine ratings. 
While voltage and power factor control techniques are 
well established, active transfer between the two modes  
and intelligent control have been shown to allow 
extended operation when network or local demand 
conditions would otherwise cause excessive voltage 
rise and plant shutdown. The smooth transfer and 
reliable operation of the EG requires a combined 
AVPFC control system whose settings are optimised 
for best response. Depending on network X:R ratio, 
and prime mover characteristics, governor settings 
might also need to be controlled in a similar strategy to 
maximise dispatch. Work is underway to investigate 
this combined control. 
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